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ABSTRACT 
 
Karen Marie Plevock Haase: Regulation and function of centrosome associated proteins 
(Under the direction of Kevin C. Slep and Nasser M. Rusan) 
 
 
 
Centrosomes are the main microtubule organizing center in cells, composed of a pair 
of centrioles surrounded by pericentriolar material (PCM). Centrosomes are a highly 
organized network of proteins that undergoes dynamic regulation tied to the cell cycle. A 
major structural reorganization occurs as cells transition from interphase to mitosis. As cells 
enter mitosis, PCM is recruited to the centrosome. This transition is important for 
centrosomes to function as a main organizer of the bipolar mitotic spindle. The proteins that 
comprise the centrosome are not fully known, and it remains unclear how the centrosome’s 
organization and function are regulated throughout the cell cycle. Here multiple approaches 
were used to characterize known centrosome components and further define the complex 
protein interaction network at the centrosome. 
X-ray crystallography, biochemistry, cell biology and Drosophila and yeast genetics 
were used to characterize two centrosome proteins that localize to the centrosome during 
mitosis. CP190, a Drosophila centrosome protein, was shown to interact with MTs and 
regulate spindle architecture in developing neural stem cells. Detailed work on the c-terminal 
coiled coil region of STU2, a member of the XMAP215 family in Saccharomyces cerevisiae, 
unveiled a role for this conserved region in maintaining proper spindle structure.  
		 iv
Work on a PCM scaffolding protein, Pericentrin-Like-Protein (PLP) in Drosophila, 
revealed a role for Calmodulin in stabilizing its protein levels and for proper anchoring of 
PLP at the centriole wall. Further, a structural rearrangement of PLP concurrent with PCM 
recruitment was revealed through super-resolution microscopy. Polo phosphorylation sites 
were mapped on PLP both in vitro and in vivo, suggesting a possible mechanism for 
regulating PLPs conformation state and thus its ability to recruit PCM.  
Lastly, BioID and quantitative mass spectrometry were utilized to identify novel 
components and interactions at the centrosome. BioID of the c-terminal region of PLP 
identified two components, SkpA and CG7033, known to play roles in spindle architecture, 
that may recruit PLP to the centrosome or regulate it upon localization. Collectively, the 
work presented here highlights the complexity that exists at the centrosome and the 
importance of interactions amongst centrosome components in regulating function 
throughout the cell cycle. 
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CHAPTER 1: INTRODUCTION 
 
 
Centrosomes are the main microtubule-organizing center in cells 
	
Proper segregation of genetic material is essential during cell division. As cells 
divide, cells must receive one copy of each chromosome. To facilitate this process, the cell 
constructs a bipolar mitotic spindle. This microtubule based structure serves to make 
attachments to DNA and segregate chromosomes into two daughter cells. Proper assembly of 
the mitotic spindle is necessary for this to occur. Proper spindle assembly and organization of 
the spindle MTs requires centrosomes, an organelle found at either pole of the spindle during 
mitosis (Fig 1.1B) (Bornens et al., 2012).  
	
Centrosomes are the main microtubule organizing center (MTOC) in cells and are 
composed of a pair of centrioles surrounded by pericentriolar material (PCM) (Gould and 
Borisy, 1977; Kellogg et al, 1994). Centrioles are barrel-like microtubule based structures. A 
central cartwheel of proteins within centrioles sets up 9-fold symmetry (Nakazawa et al. 
2007; van Bruegel et al., 2011; Kitagawa et al., 2011). This pattern is mirrored in the 9-fold 
radial spokes of microtubule triplets (Fig 1.1A). These centrioles form the base of cilia 
during interphase and form the central core of centrosomes, which nucleate and organize the 
microtubule-based bipolar mitotic spindle. PCM is an intricate network of hundreds of 
proteins important for MT nucleation and anchoring (Anderson et al., 2003; Jakobsen et al., 
2011; Muller et al., 2010; Dobbelaere et al., 2008; Galletta et al., 2016). Until recently, it was 
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thought that PCM was a disordered network of proteins. However, super-resolution imaging 
has recently demonstrated that PCM is a highly ordered structure, consisting of concentric 
layers of proteins surrounding the centrioles (Fu and Glover, 2012; Lawo et al., 2012; 
Mennella 2012).  
 
 
 Figure 1.1. Centrosomes are the main microtubule organizing center in the cell and are 
important for bipolar spindle formation. (A) Cartoon schematic of a centrosome. 
Centrosomes contain a pair of centrioles surrounded by Pericentriolar Material (PCM). 
Centrioles have 9-fold radial symmetry and are approximately 200nm in diameter. The entire 
centrosome (centriole and PCM) is about 1 m in size. (B) Centrioles form the core of 
centrosomes at mitotic spindle poles and form basal bodies at the base of cilia. Cartoon 
schematic of a mitotic spindle. Orthogonally arranged centrioles (dark blue) lie at the center 
of the centrosomes. PCM (light blue) surrounds the centrioles. MTs (purple) are nucleated 
from the PCM and anchored are at the centrosome. Minus ends of the centrosome are 
embedded in PCM whereas plus ends interact with centromeric DNA to segregate daughter 
chromosomes (gray). Centrioles form the base of MT based cilia structures. 
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The centrosome is not a static structure and undergoes morphological changes tied to 
the cell cycle (Nigg and Stearns 2011). The most prominent change that occurs is a massive 
recruitment of PCM as cells enter mitosis. Additionally, the centrosome is involved in many 
cellular processes. These include forming the bipolar mitotic spindle, nucleating cilia, and 
responding to DNA damage and cell stress (Doxsey et al., 2005; Nakamura et al., 2013; 
Shimada and Komatsu, 2009). Regulation of these many functions have been attributed to the 
dynamic levels of PCM associated with the centriole.  
 
Improper regulation of centriole and centrosome proteins leads to defects in 
chromosome segregation and chromosomal instability. Defects in centrosome proteins can 
lead to inherited developmental diseases such as MOPD, male sterility, and spontaneous 
diseases such as cancers (Nigg and Raff, 2009; Anitha et al., 2008; Jackson et al., 2008; 
Rauch et al., 2008; Delaval and Doxsey, 2010; Willems et al 2010; Gonczy 2015). Therefore, 
understanding how these proteins are regulated is essential. Work presented in Chapters 2-4 
characterize known centrosome associated proteins and Chapters 4 and 5 seek to understand 
how proteins found within the complex centrosome network are regulated. 
	
Structure and organization of the centrosome is tied to the cell cycle 
 
  Centrosomes in cells that are actively dividing undergo a significant structural 
transition coordinated with the cell cycle (Fig 1.2) (Fu et al., 2015). During G1, a centriole 
pair separates into two singlet centrioles. Upon entry into S-phase, a daughter centriole is 
nucleated from an existing mother centriole resulting in an orthogonally arranged centriole 
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pair. This process is tightly controlled so that there is only one daughter formed off of each 
mother centriole. As cells progress into G2, a number of PCM proteins are recruited to the 
centrosome. This recruitment of PCM proteins leads to an increase in the microtubule 
nucleating capacity of the centrosome. Thus, when cells enter mitosis, PCM is poised to 
organize MTs into a bipolar spindle (Khodjakov and Rieder, 1999; Palazzo et al., 2000). 
Chapter 4 presents new insights into how structural changes at the centrosome may lead to 
PCM recruitment and organization. 
 
   
  
Figure 1.2. Centrosomes mature and have distinct morphology throughout the cell 
cycle. Our current understanding of centrosome maturation is limited. The top panel provides 
a cartoon schematic of large structural changes and PCM recruitment as the cell transitions 
from interphase into mitosis. In G1, centrioles split to form two single centrioles. During S-
phase, a daughter centriole duplicates off of the mother centrioles. In G2, centrioles mature 
and recruit PCM in preparation for mitosis. Centrosomes nucleate and organize MTs at either 
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pole of the bipolar mitotic spindle. As cells return to G1, they will either continue this cycle 
if they are proliferative cells or they will exit into a G0 state where centrioles form the base 
of cilia 
 
 
A highly ordered mitotic MT array is anchored at the centrosome with microtubule 
minus ends embedded in PCM   
 
As the main microtubule organizing center, centrosomes play an important role in 
microtubule organization and function. Microtubules have many functions in the cell both 
during development and for maintaining cell and tissue homeostasis. During interphase, 
microtubule based structures acts as tracks to deliver cargo to subcellular compartments. A 
striking example of this is in the neuron, where prominent microtubule tracks elongate from 
the cell body through the axon and dendrites. This track allows for trafficking along these 
extensions to and from the cell body. During interphase, microtubules are arrayed throughout 
the cell and polarize for specific events such as wound healing. In mitosis, microtubules 
assemble into the mitotic spindle to facilitate DNA segregation. Nucleation and organization 
of MTs during mitosis is primarily driven by centrosomes at spindle poles (Fig 1.3A). 
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 Figure 1.3. Microtubule minus ends are embedded in the PCM with plus ends 
emanating out. (A) Diagram of a mitotic spindle. Boxed areas indicate regions highlighted 
during this thesis. Plus ends of MTs (1) form attachments with DNA, minus ends of MTs  (2) 
are nucleated and organized from the PCM of centrosomes (3). (B) Zoom to a single MT. 
tubulin subunits (purple) are organized in a repeating fashion. Subunits are organized 
from end to end to form protofilaments. Thirteen of these protofilaments interact laterally to 
form a hollow barrel structure. MT nucleation is promoted by -tubulin (pink) and-tubulin 
ring complexes (orange) that are embedded in PCM.  
 
 
Microtubule nucleation within the PCM is driven by MT nucleation factors such as -
tubulin ring complexes ( –TURCS) (Fig 1.3B). This complex has been shown to sit within 
the PCM and has an important role in nucleating new MTs and anchoring them at the 
centrosome.  In vitro experiments have shown that –TURCS specifically bind to MT minus 
ends (Wiese et al. 2000; O’Toole et al., 2012).  This allows for a large number of MTs to be 
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nucleated and specifically organized from the centrosome. Regulation of the amount of 
nucleation factors at the centrosome determines the nucleation capacity of the centrosome. 
 
Microtubules have an inherent polarity; minus ends of MTs are embedded in the 
centrosome, while plus ends emanate outward (Fig 1.3B). These plus ends are important for a 
number of events in mitosis. Plus ends of astral MTs interact with cortical factors to remain 
anchored at a specific sub-cellular region. This becomes important during development, and 
in maintaining stem cell populations, when cells divide asymmetrically along a specific axis 
(Morris 2003). Plus ends of kinetochore microtubules form critical attachments with 
centromeric DNA to properly segregate chromosomes into two daughter cells (Lansbergen 
and Akhmanova, 2006). To fulfill these many roles, MTs are highly regulated by a number of 
microtubule-associated proteins (MAPS). Many of these MAPS localize to the centrosome as 
well as other distinct regions along the MT.  
 
MT associated proteins regulate MT dynamics   
Microtubules are composed of αβ-tubulin heterodimers that interact longitudinally to 
form protofilaments. Thirteen protofilaments interact laterally to form a hollow tube like 
structure. Microtubules have an inherent ability to polymerize (Mitchison and Kirschner, 
1984). During the lifetime of a MT, it can experience phases of growth, shrinkage, and pause. 
Modulating the MT to promote these states can give rise to the diverse functions of MTs. In 
cells, MT associated proteins alter the MT polymer in multiple ways (Desai and Mitchison, 
1997). Some MAPS serve to stabilize MTs, while others promote MT assembly, disassembly 
and severing, while yet others functionally crosslink adjacent polymers (Gard and Kirschner 
1987; Rogers et al., 2002; Howard and Hyman, 2007; Noetzel et al., 2005; McNally and 
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Vale, 1993). Diversity of MAPs and their association with the MT lattice gives rise to the 
plasticity of the MT array and affords diverse functionality. CP190 and STU2 are two MAPS 
that also localize to the centrosome. The work presented in Chapters 2 and 3 show that these 
proteins are able to modulate spindle structure.  
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CHAPTER 2: NEWLY CHARACTERIZED REGION OF CP190 ASSOCIATES 
WITH MICROTUBULES AND MEDIATES PROPER SPINDLE MOPHOLOGY IN 
DROSOPHILA STEM CELLS 1 
 
 
 
Summary 
 CP190 is a large, multi-domain protein, first identified as a centrosome protein with 
oscillatory localization over the course of the cell cycle. During interphase it has a well-
established role within the nucleus as a chromatin insulator. Upon nuclear envelope 
breakdown, there is a striking redistribution of CP190 to centrosomes and the mitotic spindle, 
in addition to the population at chromosomes. Here, we investigate CP190 in detail by 
performing domain analysis in cultured Drosophila S2 cells combined with protein structure 
determination by X-ray crystallography, in vitro biochemical characterization, and in 
vivo fixed and live imaging of cp190 mutant flies. Our analysis of CP190 identifies a novel 
N-terminal centrosome and microtubule (MT) targeting region, sufficient for spindle 
localization. This region consists of a highly conserved BTB domain and a linker region that 
serves as the MT binding domain. We present the 2.5 Å resolution structure of the CP190 N-
terminal 126 amino acids, which adopts a canonical BTB domain fold and exists as a stable 
dimer in solution. The ability of the linker region to robustly localize to MTs requires BTB 
domain-mediated dimerization. Deletion of the linker region using CRISPR alters spindle 
																																																								
1	Plevock KM, Galletta BJ, Rusan NM, Slep KC. (2015) The centrosome/insulator protein 
CP190 associates with microtubules using a novel N-terminal region potentiated by BTB 
domain-dependent dimerization. PlosOne.  
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morphology and leads to DNA segregation errors in the developing Drosophila brain 
neuroblasts. Collectively, we highlight a multivalent MT-binding architecture in CP190, 
which confers distinct subcellular cytoskeletal localization and function during mitosis. 
 
Introduction 
 The MT cytoskeleton is a dynamic polymer, essential for many intracellular processes 
including cell structure, cell migration, MT motor-based intracellular transport, and mitosis. 
Each of these MT functions requires a dynamic MT network. While MTs do exhibit dynamic 
instability in vitro (Mitchison and Kirschner, 1984; Weisenbe et al., 1972) the MT network is 
regulated spatially and temporally by a host of MT-associated proteins (MAPs) in vivo. 
MAPs modulate MT dynamics by altering the rates of polymerization (growth); de-
polymerization (shrinkage); or the frequency of MT pause, catastrophe, or rescue. They can 
also crosslink adjacent MTs and/or link MTs to other subcellular structures and organelles, 
and establish local MT network polarity; e.g. linking MT minus ends to a centrosome 
(Dictenberg et al., 1998; Moritz et al., 1995; Goshima et al., 2008; Miller et al., 2009; 
Mollinari et al., 2002). During mitosis, MAPs play critical roles driving restructuring of the 
MT network into a highly coordinated, dynamic bipolar spindle. MAPs in mitosis performing 
various functions are located at kinetochores, throughout the mitotic spindle, and at 
centrosomes, the non-membrane bound organelles that organize mitotic spindle poles. 
Centrosomes include a core pair of centrioles surrounded by MT-nucleating γ-Tubulin Ring 
Complexes (γTuRCs) embedded in pericentriolar material (PCM; Moritz et al., 1995). 
Determining the molecular composition of the PCM, including MAPs, and investigating the 
		 14
cell cycle dependent molecular function of these components is a major focus of centrosome 
biology research. 
The Drosophila melanogaster centrosome associated protein at 190 kDa (CP190) was first 
identified as a MAP using MT affinity chromatography (Kellogg et al., 1989). After 
localizing it to centrosomes, subsequent studies used antibodies against CP190 as bait to 
identify additional centrosome proteins (Kellogg et al., 1992). Notably, CP190 was found 
within a cytoplasmic scaffolding complex that includes the centrosomal proteins Sas-4, 
Asterless, Centrosomin, Pericentrin-Like protein, and γ-tubulin (Gopalakrishnan et al., 2011). 
CP190 exhibits prominent cell cycle oscillatory localization (Oegema et al., 1995; Whitfield 
et al., 1995). During mitosis, CP190 localizes to centrosomes and the mitotic spindle. In 
contrast, interphase CP190 localizes to the nucleus where it functions in three key chromatin 
insulator complexes organized by Su(Hw), BEAF32, and CTCF that collectively function to 
modulate gene activity (Vogelmann et al., 2011; Wallace et al., 2010; Bushey et al., 2009; 
Mohan et al., 2007). Although CP190 insulator function has been characterized at 
biochemical, cellular, and organismal levels (Vogelmann et al., 2014; Korenjak et al., 2014; 
Ong et al., 2013; Ahanger et al., 2013), little has been elucidated regarding its mitotic 
functions at centrosomes and MTs. CP190 has a complex molecular architecture that 
includes an N-terminal Broad-complex, Tramtrack and Bric à brac (BTB) domain, a D-rich 
domain, a central region with MT binding and centrosome targeting ability, and a C-terminal 
E-rich domain (Fig 2.1A). Specific domains in CP190 were identified that mediate 
localization to, and interaction with, centrosomes, MTs, and the nucleus (Oegema et al., 
1995). Subsequent studies assumed that the central centrosome and MT interacting domains 
were the sole part of the protein competent for interaction with cytoskeletal components 
		 15
(Chodagam et al., 2005; Butcher et al., 2004; Oliver et al., 2010). As a consequence, 
structure-function studies concluded that the CP190 centrosome and MT localization domain 
is dispensable for function (Butcher et al., 2004; Oliver et al., 2010). Specifically, it was 
found that expressing a CP190 allele lacking the central MT and centrosome localization 
domain did not show MT or centrosome defects, and rescued the lethality associated with 
CP190 loss (Oliver et al., 2010). Further studies have shown that the CP190 BTB domain is 
essential for chromatin association and survival (Oliver et al., 2010). 
 
Here, we delineate a novel centrosome- and MT-interaction region in CP190, which 
we show requires BTB domain-mediated dimerization to properly associate with MTs. We 
present the structure of the CP190 homodimeric BTB domain and confirm its dimeric state in 
solution. Furthermore, deletion of this newly identified MT-targeting region using 
CRISPR/Cas9 technology results in severe spindle formation and DNA segregation defects 
in central brain neuroblasts (NBs). These results are the first to assign a role for CP190 in 
regulating MTs. 
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 Figure 2.1. CP190 localization to the mitotic spindle is driven by its N-terminal region. 
(A) Domain structure of CP190. Shown is the BTB domain (green), linker (blue), D-rich 
domain (red), Zinc finger domain (grey), and the E-rich domain (blue). Indicated above the 
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graphic representation are the previously identified nuclear localization signal (NLS) and the 
centrosome localization/MT binding domain (Oegema et al., 1995). Below the full length 
(FL) CP190 is a schematic of fragments used for this study (F1, F2, and 
F3). (B) Drosophila S2 cells transfected with the indicated GFP-CP190 constructs (green). 
Shown are mitotic cells fixed and stained for Asterless (Asl, red) to mark centrosomes and 
pH3 (mitotic specific histone marker, inset in the GFP column). White arrows designate the 
centrosome. Red numbers on Asl column indicate the fraction of mitotic cells that exhibit 
GFP localization to centrosomes. Zoom of GFP channel (right column) is contrast enhanced 
to emphasize GFP signal on the mitotic spindle (yellow arrowheads). Green numbers indicate 
the fraction of mitotic cells with GFP signal at the spindle. Scale bars (B) = 10 μm, (zoom) = 
5 μm. 
 
Results 
CP190’s N-terminal region contains a previously unidentified MT and centrosome-targeting 
domain 
 
Previous work identified a central region of CP190 (aa 385–508) as the centrosome 
and MT binding domain (Fig 2.1A). However, a complete analysis of domains responsible 
for its subcellular localization has not yet been fully described. We began our study by 
generating three truncations, or fragments (F1, F2, and F3), of CP190 (Fig 2.1A). F1 (aa 1–
209) contains the BTB domain and a region we refer to as the Linker (L) domain. F2 (aa 
210–583) contains the previously identified centrosome and MT targeting domain (Oegema 
et al., 1995), and a nuclear localization signal (NLS). F3 (aa 584–1096) encompasses the 
entire E-rich domain. To determine the subcellular localization of these fragments, we 
expressed GFP tagged versions of F1, F2, and F3 in Drosophila S2 cells and compared their 
distribution during mitosis to the full-length (FL) CP190-GFP (CP190FL) control. As 
expected, CP190FL robustly localized to centrosomes (11/11 cells) and chromosomes (Fig 
2.1B). To visualize the relatively weak spindle MT localization of CP190FL, it was essential 
to enhance the contrast of the image (Fig 2.1B, zoom, yellow arrowhead). This dim MT 
localization, seen in 10/11 mitotic cells, is not an artifact of image enhancement, as these 
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cells were not stained for any spindle markers (such as MTs) that could bleed through from 
other fluorescent channels. Predictably, F3 did not localize to centrosomes (0/10 cells) or to 
spindle MTs (0/10 cells; Fig 2.1B). In contrast, F2 robustly localized to centrosomes (10/10 
cells), but was not detectable on spindle MTs (0/10; Fig 2.1B). This was quite surprising 
since F2 contains the known MT binding domain. To investigate this further, we generated 
several truncations of F2, including a construct previously identified as the minimal 
centrosome and MT interacting region (F2385-508), which was sufficient for spindle 
localization (data not shown), suggesting that the spindle-targeting capabilities inherent to the 
F2385-508 construct were masked in the context of the larger F2 construct. Unexpectedly, F1 
robustly localized to spindle MTs (18/21 cells, Fig 2.1B, yellow arrow), as well as 
centrosomes (21/21 cells). We therefore identified a novel region of CP190; sufficient for 
MT and centrosome-targeting that merited further investigation. 
Interphase S2 cells serve as a model to study CP190 MT association 
While assessing the mitotic localization of F1, F2, and F3, we noticed that F1 also 
localized in a MT-like pattern in interphase cells (Fig 2.2A). In contrast, CP190FL and F2 
were predominantly found within interphase nuclei as expected (both contain the NLS), 
while F3 was diffusely cytoplasmic (Fig 2.2A). Additionally, even the minimal F2385-
508 construct, which lacks the NLS but showed mitotic spindle localization, was unable to 
robustly interact with interphase MTs (data not shown). To assess the interphase localization 
of each fragment in more detail, we analyzed S2 cells co-expressing TagRFP-tubulin to label 
MTs and GFP fusions of CP190FL, F1, F2, or F3. Our quantification indicated that F1 was 
indeed associated with the MT network in over 80% of cells and robustly localized to 
centrosomes in 70% of cells (Fig 2.2A and Fig 2.2B). Notably, we did not observe any MT 
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or centrosome localization of either F2 or F3 (Fig 2.2A and Fig 2.2B; Fig S2.1), suggesting 
that the recruitment of F2 to centrosomes during mitosis requires a mitotic-specific post-
translational modification or additional factors that are not available during interphase. We 
also note that while F1 localized to MTs, there was also a diffuse, cytoplasmic pool. Whether 
mitotic-specific post-translational modifications or other factors would also promote F1-MT 
association outside of interphase remains to be determined. 
 
Figure 2.2. Interphase cells serve as an excellent model to study CP190 MT association 
(A) Drosophila S2 cells expressing GFP-CP190 constructs and TagRFP-Tubulin. Box in 
GFP channel is zoomed to highlight GFP localization to MTs (right column). F1 localizes to 
centrosomes and is unique in its localization to MTs during interphase, similar to what we 
document in mitosis (Fig 1B). (B) Quantification of the percent of cells in which CP190 
constructs co-localize with MTs or show nuclear (Nuc) localization. FL and F2 are localized 
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to the nucleus during interphase. F3 is cytoplasmic during interphase. F1 localizes to MTs 
robustly during interphase (see S1 Fig). Scale bars = 5 μm. 
 
 
Given the low mitotic index, the spatial restrictions of the mitotic spindle, and the 
poor quality of imaging rounded mitotic cells, we turned to interphase cells to further explore 
the F1-MT interaction as interphase S2 cells plated on concanavalin A adopt a flat 
morphology, highly amenable to imaging. In addition, we reasoned that endogenous CP190 
found in the nucleus of interphase cells would be spatially segregated away from F1, 
allowing us to investigate the F1-MT association without the confounding complication of F1 
potentially oligomerizing with endogenous CP190. Nevertheless, to directly address this 
potential complication, we confirmed that F1 is sufficient to associate with MTs in the 
absence of endogenous CP190 expression (Fig S2.2; methods). Thus, interphase MTs are an 
ideal model for investigating the MT localization of F1. 
 
CP190 F1 is enriched on MTs 
Given the localization of F1 to the MT lattice, we sought to investigate the dynamics 
of F1 in live cells. We performed high-resolution time-lapse imaging of GFP-F1 and 
TagRFP-tubulin in cultured S2 cells (Fig 2.3A-3C). We found that in addition to decorating 
the entire MT length, F1 was particularly enriched at growing MT plus ends (Fig 2.3C). To 
more precisely define the MT targeting region within F1, we truncated F1 into two smaller 
fragments (Fig 2.3B): the BTB domain (BTB) and a linker region (F1-L). However, when 
analyzed in live cells, neither BTB nor F1-L robustly localized to MTs (Fig 2.3C-3E; middle 
and bottom panels). In a small percentage of cells (<25%), we note extremely weak MT 
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association by the BTB domain and F1-L (Fig 2.3C , pink arrow). These results suggest that 
the BTB domain and the F1 linker collectively drive CP190 MT-localization. 
 
Figure 2.3. CP190-F1 is enriched at the plus ends of growing MTs. (A) Images of S2 cells 
expressing GFP-F1 and TagRFP-Tubulin. Box indicates inset for zoom in C. (B) Schematic 
of the CP190-F1 sub-fragments F1, BTB and Linker domain (F1-L) analyzed for MT 
association. (C) Live-cell imaging of F1 reveals enrichment at the plus end of MTs. Yellow 
arrowhead indicates a growing MT plus end. (D) Graphs indicate percent of cells with MT 
and Nuclear localization. (E). Graphs shown to the far right are line scans along the MTs 
indicated in frames 0:04 (red dashed line) in C. X-axes are arbitrary fluorescence units (a.u.) 
and y-axis is distance in microns from the MT +tip end (coordinate x = 0). F1 linescan 
indicates its enrichment at the MT +ends (grey area on graph). In contrast, the BTB domain 
and F1-L show very weak localization to some MTs (pink arrowhead, grey box on graph). 
Scale bars = 5μm. Time = min:s. 
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CP190 F1 directly binds MTs, but not EB1, in vitro 
	
Based on our data, we hypothesized that F1 associates with MTs in one of two ways: 
1) via interactions with the central MT plus end-binding protein, EB1 (Mimori-Kiyosue et 
al., 2000; Honnappa et al., 2009; Jiang et al., 2012), or 2) via direct interaction with the MT 
lattice. To distinguish between these two possibilities, we tested the association of F1 with 
either EB1 or taxol-stabilized MTs in vitro. In many cases, proteins associate with the 
growing MT plus end via an EB1 binding SxIP motif (ser-x-ile-pro, surrounded by basic 
residues), which mediates direct binding to EB1 (Honnappa et al., 2009). In addition, 
interaction of EB1 with centriole and centrosome proteins has been described previously 
(Jiang et al., 2012). We searched the F1 primary sequence and identified a putative SxIP-like 
EB1 binding motif (SGLP; aa 151–154) within F1-L (Fig S2.3A). Previous work has shown 
that mutagenesis of an SxIP motif to SNNN is sufficient to ablate EB1-dependent MT plus 
end association (Jiang et al., 2012). Therefore, to test if this motif in CP190 is required within 
F1 to mediate MT association, we mutated the SGLP sequence to SNNN in the context of F1 
(F1SNNN; Fig S2.3A). Expression of GFP-F1SNNN in S2 cells revealed that it has reduced 
localization to MTs (Fig S2.3B). While it remains formally possible that the F1SNNN mutation 
is detrimental to overall protein structure, these results are most consistent with a mechanism 
whereby F1-L directly binds EB1 via the SGLP motif. 
To test whether F1 directly interacts with EB1, we assayed for an EB1-F1 
interaction in vitro with purified components. Using size exclusion chromatography, we 
detected no significant peak shift of F1+EB1 compared with either protein alone (Fig S2.3C). 
We conclude that F1 does not robustly bind EB1, at least not under the stringent conditions 
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of our in vitro assay. It is possible that the F1 interaction with EB1 is transient. Alternatively, 
the SGLP motif in the linker may be involved in a direct MT interaction independent of EB1. 
To test the second hypothesis that F1 interacts directly with MTs, we performed a MT 
co-sedimentation assay using purified, taxol-stabilized MTs and purified F1 (Fig 2.4A). In 
the absence of MTs, F1 was found exclusively in the supernatant fraction. Upon the addition 
of taxol-stabilized MTs, significant amounts of F1 appeared in the pellet fraction, indicating 
a direct interaction between F1 and MTs in vitro (Fig 2.4A). To further narrow the 
interaction domain, we generated purified protein of the two F1 fragments, the BTB domain 
and F1-L. Consistent with our cellular findings, neither the linker, nor the BTB domain alone 
is sufficient for MT association (Fig 2.4). Therefore a combination of F1-L and BTB activity 
is required for MT binding. 
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Figure 2.4. CP190-F1 binds directly to MTs. MT co-sedimentation assay with purified 
components. (A) Coomassie stained gel shows CP190-Linker (F1-L), CP190-BTB domain 
and CP190-F1 fragment incubated without (-) and with (+) MTs followed by high-speed 
centrifugation. Supernatant (S) and pellet (P) fractions are run separately. F1 co-sediments 
with MTs (red dotted box), while neither the F1-L linker nor the BTB domain show MT-
binding. (B) Coomassie stained gel shows the F1-L linker artificially dimerized as a GST 
fusion (GST-F1-L) and GST alone incubated without (-) and with (+) MTs followed by high-
speed centrifugation. Supernatant (S) and pellet (P) fractions are run separately. Although we 
were not able to fully recapitulate F1 MT binding, dimerized linker (GST-F1-L) is able to 
weakly associate with MTs (purple dotted box). 
 
 
	
	
		 25
The CP190 BTB domain is highly conserved across species 
	
To map conservation in the F1 region, we aligned Drosophila F1 with the 
corresponding N-terminal region of CP190 homologs from five other diverse insects (Fig 
2.5A). The N-terminal 120 amino acids that constitute the BTB domain show the highest 
degree of conservation. Many of the BTB domain residues conserved across CP190 members 
are also conserved across other Drosophila BTB-domain containing proteins and are 
involved in BTB domain structure (Fig 2.5A), lower line in the alignment). However, we 
note that CP190 also contains conserved residues that have diverged from the position-
equivalent conserved residues found in other Drosophila BTB domains (Fig 2.5A, red 
boxes), suggesting that the CP190 BTB domain may have evolved a specific function, unique 
from other BTB domain proteins. In contrast to the conserved nature of the CP190 BTB 
domain, we find that the F1 C-terminal linker region is poorly conserved across species, but 
does have a high percentage of basic residues often found in MT-binding proteins (Fig 2.5A).  
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Figure 2.5. The CP190 BTB domain is highly conserved across species. (A) CP190 F1 
region sequence alignment across six species shows a high level of conservation within the 
CP190 BTB domain. Residue numbers correspond to Drosophila melanogaster CP190. 
Conservation is mapped on the alignment. Residues with 100% identity are mapped in green 
and residues with 100% similarity are mapped in yellow. Below the CP190 sequences (last 
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row) are displayed residues that are highly conserved among other Drosophila 
melanogaster BTB domain containing proteins (not CP190) and are likely involved in the 
BTB domain fold. Residues from this set that are divergent in CP190 are indicated above 
the Drosophila CP190 sequence by a red rectangle. This alignment suggests that there are 
residues important for the BTB domain structural fold and others that are specifically unique 
to CP190. Secondary structure is mapped on the alignment. Arrows indicate β-sheets and 
rectangles indicate α-helices. Red letters in the linker region highlight basic (R and K) 
residues. The SGLP motif is underlined. Solvent accessible surface area (SASA) of a 
theoretical monomer as well as the buried surface area (BSA) of the homodimer is plotted 
above the alignment. (B) The BTB domain adopts a dimeric fold and makes extensive 
structural contacts with its dimeric mate. One BTB domain is shown in color with secondary 
structure elements colored as in Figure 5A. The dimeric mate is colored grey. The β1 and β6’ 
strands from dimeric mates form an antiparallel, two-stranded β-sheet. C, The BTB domain 
shown in surface representation, rotated 90° about the x-axis relative to the orientation shown 
in B. Conservation is colored on the structure (above) following the scheme in (A). 
Electrostatics are indicated on the structure below. 
 
 
Structure of the CP190 BTB domain reveals a conserved fold and dimerization mode 
	
To gain structural insight into the conserved CP190 BTB domain, we purified and 
crystallized native and selenomethionine-substituted BTB (residues 1–135). We collected 
native and selenium peak SAD data sets on single crystals to 2.5 and 2.7 Å resolution, 
respectively. Crystals belong to the space group P3221 and contain one CP190 BTB molecule 
in the asymmetric unit. The structure was built and refined to 2.5 Å resolution, yielding R 
and Rfree values of 21.9 and 25.9, respectively. The final model contains residues 2–121. The 
BTB domain forms a homodimer across a crystallographic 2-fold axis, adopting a canonical 
homodimeric structure as found in the BTB-ZF subfamily of BTB domains (Vogelmann et 
al., 2014; Ahmad et al., 1998). The BTB homodimer has dimensions of ~60 x 35 x 25 Å (Fig 
2.5B). Each chain in the homodimer has an α-helical core composed of six helices, α1- α6, 
flanked by a four stranded β-sheet (β3-β2-β5-β4) and a two-stranded inter-molecular β-sheet 
formed by β6 and β1' from the homodimeric mate. Residues that are conserved across CP190 
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family members, as well as those residues that are conserved across Drosophila BTB 
domains but are divergent in CP190, cluster to a basic face of the homodimer where the N- 
and C-termini reside (Fig 2.5C). In the dimeric structure, β1 extends along the base of its 
dimeric mate forming extensive anti-parallel β-sheet hydrogen bonding augmented through 
extensive van der Waals contacts mediated by conserved hydrophobic side chains in β1. The 
central region of the BTB domain is comprised of six α-helices. On either side of the core, a 
pair of β-sheets stabilizes the BTB domain fold. Hydrophobic residues are buried at the 
dimer interphase. Key dimer contacts are made at this hydrophobic interface as well as a 
reciprocal N-terminal β-strand exchange in which β1 extends along the base of the 
homodimeric mate, forming a two-stranded antiparallel β-sheet with β6'. Each BTB domain 
buries 1700 Å2 at the dimer interface (Fig 2.6A). Prime dimerization contacts are mediated 
by β1, α1, α2, β6', and α6 and involve both hydrogen bonding as well as van der Waals 
contacts (Fig 2.5B). Along the homodimer’s two-fold axis, α1 makes key hydrophobic 
interactions with α1' from the homodimeric mate. Using the Dali server, we found that the 
CP190 BTB domain is most similar to the BTB domain from PLZF (Oegema et al., 1997) 
(PDB 1BUO), with an rmsd of 1.1 Å. The PLZF BTB domain also belongs to the BTB-ZF 
subfamily, is an obligate homodimer, and likewise uses its key β1 and α1 structural elements 
to mediate symmetric dimerization. 
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Figure 2.6. The BTB domain exists as a dimer and is critical for F1 MT binding. (A) 
Space-filling model showing homodimeric mates in the crystal lattice with one molecule 
colored purple, the other grey. The β1 strands wrap along the length of the opposing 
molecule. (B) Zoom of the dimer interface shows the hydrophobic leucine (L20) residue that 
was mutated to a charged glutamic acid residue (L20E). This mutation destabilizes the BTB 
domain at the dimer interface. (C) CP190’s BTB domain exists as a stable dimer in solution 
as shown by SEC-MALS. The x-axis is the time of the run in minutes, the left y-axis is the 
MW (black: kDa), and the right y-axis is the Raleigh ratio (grey). The predicted CP190 BTB 
domain monomer and dimer molecular weights are indicated by dotted lines (16 and 32 kDa 
respectively). The experimentally determined mass of the eluted CP190 BTB domain is 
plotted as a black line and corresponds to a homodimer. 
 
 
CP190 BTB is a homodimer in solution 
	
At the core of the CP190 BTB homodimer is an α1-α1' interface where a key 
conserved residue, L20 (Fig 2.5A), packs against its homodimeric mate, L20' (Fig 2.6B). To 
test whether our crystallographic dimer interface is a bona fide dimerization interface, we 
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first analyzed whether the BTB domain was a dimer in solution. We analyzed the oligomeric 
state of the BTB domain using SEC-MALS. BTB eluted from the size exclusion column as a 
single Gaussian peak with an experimentally determined molecular weight of 31 kDa, 
corresponding to a homodimer (monomer molecular weight: 16 kDa, homodimer molecular 
weight 32 kDa) indicating that the CP190 BTB domain forms a stable homodimer in solution 
(Fig 2.6C). We next tested whether mutating L20 to glutamate would compromise domain 
stability and/or the homodimeric state by introducing repulsive charges at the dimer 
interface. Generating this mutation in the context of the BTB domain alone (BTBL20E) 
rendered the protein insoluble when expressed in E. coli (Fig S2.4), likely by destabilizing 
the dimer interface and exposing hydrophobic residues. We conclude the highly conserved 
L20 residue is critical to support homodimerization. 
 
Dimerization of CP190-F1 is important for MT association 
	
To test whether BTB-mediated dimerization is important for MT association, we 
introduced the L20E dimer interface mutation into F1 (F1L20E) and expressed it 
in Drosophila S2 cells along with TagRFP-tubulin. Our live imaging revealed that F1L20E is 
primarily cytoplasmic and does not associate with MTs (Fig 2.7A and 2.7B). This result 
strongly suggests that dimerization of F1 through the BTB domain is important for F1 to 
localize to MTs. To directly test whether dimerization promotes F1-L MT association, we 
artificially dimerized F1-L by replacing the BTB domain with GST, generating a GST-F1-L 
fusion and introducing it into S2 cells. Our live cell analysis shows a striking rescue of MT 
localization (Fig 2.7C and 2.7D); compare with F1 in (Fig 2.3C). The importance of dimer 
formation was confirmed using a second dimerization method in which the coiled coil 
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homodimerization domain from S. cerevisiae GCN4 was fused to F1-L. This method also 
resulted in the rescue of F1-L MT localization (Fig S2.5). To further investigate the ability of 
dimerized linker to associate with MTs we performed a MT co-sedimentation assay with 
purified GST-linker (GST-F1-L). While F1-L alone is unable to associate with MTs, upon 
dimerization with GST, GST-F1-L is able to weakly associate with MTs in vitro (Fig 2.4B). 
These data confirm that the linker domain is able to confer MT association, albeit at reduced 
levels as compared to full-length F1. Therefore, the BTB domain likely contains additional 
determinants, beyond dimerization alone, which are important for association with MTs. 
Alternatively the mode of BTB dimerization (compared with GST- or GCN4-mediated 
dimerization) could afford unique structural constraints for linker-MT association. These two 
independent lines of evidence support a mechanism where dimerization of the CP190 linker 
region is crucial for MT lattice localization. 
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Figure 2.7. Artificially dimerized F1-L localizes to MT. (A) S2 cell expressing the F1-
L20E dimerization interface mutant and TagRFP-Tubulin. F1-L20E is unable to localize to 
MTs in vivo. White box indicates zoom for (B). (B) Time-lapse from boxed region showing 
that F1-L20E does not localize to MTs (yellow arrowhead). (C) S2 cells expressing GST-F1-
L and TagRFP-Tubulin. White box indicates zoom for (D). (D) Time-lapse images from 
boxed region in (C) showing robust localization of GST-F1-L to the MT lattice. Scale bars = 
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5 μm. E, Percent of cells showing MT-Colocalization of F1, F1-L and GST-F1-L. 
Localization is partially rescued with artificially dimerized F1-L. Time is indicated in min:s. 
 
 
CP190-Linker region is important for MT spindle organization in brain stem cells 
	
Despite the localization of CP190 to centrosomes and its ability to bind MTs, it was 
unclear what cytoskeletal role, if any, CP190 plays in vivo. Having characterized this new 
MT-binding region, we sought to determine its possible importance for MT and centrosome 
function in cells. To this end, we specifically deleted the F1 linker region from the 
endogenous cp190 gene using CRISPR/Cas9 technology in Drosophila melanogaster to 
produce a new allele we term cp190ΔL (Fig S2.6A). PCR and sequence analysis confirmed 
that we had properly deleted the linker and preserved the proper reading frame (Fig S2.6B). 
Of note is that we generated three independently verified CRISPR lines (cp190ΔL,cp190ΔL-
1, cp190ΔL-2). We report data only on the cp190ΔL line, but the other independent lines show 
nearly identical results. Western blot of cp190ΔL shows that CP190 ΔL protein is present and 
stable, unlike a previously described hypomorphic CP190 allele (cp190H4-1) that produced no 
detectable protein (Fig S2.6C). To avoid the complication of possible CRISPR off-targets, all 
experiments were performed using trans-heterozygote animals carrying cp190ΔL and a 
Deficiency (Dfp11) that removes the cp190 locus. cp190ΔL/ Dfp11animals are fully viable, 
allowing for detailed analysis of centrosomes and mitotic spindles. 
Previous work on the cp190ΔM allele (which deleted the previously characterized MT 
binding region) showed that CP190ΔM protein does not localize to centrosomes, but from the 
image presented in their manuscript, it appears to localize weakly to the spindle (Butcher et 
al., 2004), presumably through the linker domain MT binding site we have identified. The 
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authors also report that cp190ΔM homozygous flies only survive for a few days as adults, but 
attribute this lethality to transgene overexpression and not an essential centrosome or MTs 
role for CP190. Furthermore, this study did not note any centrosome or MT defects.  
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Figure 2.8. CP190-L is important for spindle formation in developing brain. 
Drosophila NBs were fixed and stained as indicated. (A) Metaphase NBs are shown with 
CP190 in red, Asl to mark the centrosome in green, and DAPI in blue. WT control 
(cp190 ΔL/TM6) is in the top row and mutant cp190ΔL/ Dfp11 in the bottom row. Boxed regions 
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indicating centrosomes are magnified and shown on the far right panels (numbers next to 
centrosome indicate which zoomed centrosome is displayed). Yellow arrows point out 
centrosomes in the merged channel. White dotted line indicates NB outline. (B) Fixed 
anaphase NBs. Labeling is the same as in (A). Note a lagging chromosome in cp190ΔL/ 
Dfp11 (yellow arrowhead), which is never seen in WT (frequency indicated in DAPI channel). 
Scale bar for A and B = 5μm, zoom = 1μm. (C) Live imaging of MTs in WT (cp190ΔL/TM6) 
and cp190ΔL/ Dfp11mutant NBs, note bent spindle (frequency indicated in right most image) 
and detached centrosome (yellow arrows) in mutant cell. Scale bar = 5μm. Panels in (C) from 
top to bottom correspond to S1 Movie, S2 Movie and S3 Movie, respectively. 
 
To investigate the role of the MT-binding domain in the linker, we 
analyzed cp190ΔL/Dfp11 Drosophila neural stem cells (neuroblasts, NBs). We fixed and 
stained cp190ΔL/ Dfp11NBs using a polyclonal antibody made to CP190 lacking the BTB 
domain (Wallace et al., 2010) and show that CP190ΔL protein localizes to the nucleus in 
interphase and to centrosomes in mitosis, similar to wild type CP190 (Fig 2.8A). Most 
importantly cp190ΔL mutant NBs show DNA condensation defects, where the chromosomes 
consistently occupy a greater area. In addition, these condensed chromosomes are frequently 
not centered within the cell (Fig 2.8A, DAPI), suggesting that the mitotic spindle is defective 
in some way. To investigate spindle formation and maintenance in cp190ΔL mutant NBs, we 
introduced GFP-Tubulin into the cp190ΔL/ Dfp11 background. Live imaging confirmed our 
suspicion and revealed abnormally curved spindle in 62% (n = 5/8, S2 Movie) of cells we 
examine in mutant flies, a phenotype rarely (18%, n = 2/11; S1 Movie) seen in controls (Fig 
2.8C). Another surprising phenotype was centrosome detachment from the spindle (Fig 
2.8C; S3 Movie) following spindle formation. These results support a cytoskeletal role for 
CP190 that requires interaction with MTs via the linker domain. 
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Discussion 
CP190 uses multivalent determinants to localize to the spindle during mitosis 
	
CP190 is a large multi-domain protein that has a distinct localization pattern that is 
tightly coordinated with the cell cycle. During interphase it is restricted to the nucleus where 
it serves as a key component of chromatin insulator complexes that spatially organize the 
genome (Wallace et al., 2010). Upon nuclear envelope breakdown, a population of CP190 
redistributes to the centrosomes and the spindle. Extensive domain analyses and structure-
function work has been completed on CP190 in Drosophila syncytial embryos to examine its 
interphase role as a chromatin insulator, while its role during mitosis remains unclear. 
Importantly, studies subsequent to the initial CP190 domain mapping (Butcher et al., 2004; 
Oliver et al., 2010) drew upon conclusions reached using constructs that lacked much of the 
N-terminal region (Oegema et al., 1995; Oegema et al., 1997). Our study here focuses on this 
region, which includes the BTB domain (aa 1–135) and the linker (F1-L aa 136–209). 
We have identified a novel centrosome targeting and MT interaction domain within 
the N-terminus of CP190 and our analysis of CP190-MT interactions unveiled a role for 
CP190 in organizing MTs during mitosis. While the F1-L linker region displays weak MT 
localization activity, BTB domain-mediated dimerization robustly enhances the linker’s MT 
binding, likely through avidity, as replacing the BTB domain with a non-native dimerization 
domain (GST or GCN4) also enhances linker-MT targeting. Our structure of the CP190 BTB 
domain reveals a homodimeric fold that is similar to the PLZF BTB domain structure. SEC-
MALs studies confirm the homodimeric nature of the CP190 BTB domain. Further, 
mutagenesis of a key residue at the dimer interface (L20) yielded insoluble protein, 
suggesting that the dimer interface observed in the crystal structure is bona fide and integral 
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to protein structure. The bottom face of the CP190 BTB homodimer where the β1 strand and 
the N- and C-termini lie (Fig 2.5C) shows the highest relative degree of conservation/unique 
determinants suggesting that this face of the BTB homodimer may play a functional role in 
insulator complex association. While preparing this manuscript, a similar structure of the 
CP190 BTB domain was published that aligns well to our structure, serving as independent 
confirmation of the structure (Vogelmann et al., 2014). 
 
Mitotic functions of CP190-linker 
	
CP190’s complex, multi-domain features allow for dynamic localization to several 
key mitotic elements (centrosome, MTs and DNA). Despite this, no mitotic functions of 
CP190 have been ascribed to date. Prior studies had probed the role of CP190 in mitosis by 
examining CP190 constructs that lacked the previously identified MT and centrosome-
targeting domain (Oegema et al., 1995; Oliver et al., 2010). The major conclusion from those 
studies was that the CP190 MT and centrosome targeting domain was not essential, and thus 
CP190’s function was solely as a chromatin insulator and that although it localized to 
centrosomes and MTs during mitosis, it did not play functional role in mitosis. Here, we 
sought to further investigate the mitotic roles of CP190 by analyzing the linker region which 
we have shown directly interacts with MTs. Deleting the CP190-Linker at the endogenous 
locus by CRISPR afforded us the ability examine the function of the CP190-Linker within a 
live organism without the complications of over- or under-expression. Although cp190ΔL flies 
are viable and CP190ΔL protein can still localize to centrosomes, our fixed and live cell 
analysis has revealed CP190-Linker-specific mitotic spindle defects. Specifically, deletion of 
the CP190 linker region leads to curved spindles that likely lack proper force balance 
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between mitotic elements. Furthermore, the centrosomes appear to detach from the spindle 
poles. This suggests that CP190 could play a role in augmenting centrosomes:spindle MT 
attachment. It is important to highlight that cp190ΔL mutant flies are viable as a permanent 
stock can be maintained. Given that loss of CP190 insulator function causes lethality (Oliver 
et al 2010), it suggests that insulator function is maintained in cp190ΔL flies. It further 
suggests that the MT and centrosome phenotypes documented in cp190ΔL are a result of 
perturbing a direct cytoskeletal role of CP190, and not an indirect role of altering another 
spindle component at the transcriptional level via its insulator function. 
In summary, we have used in vivo imaging, in vitro biochemical analysis and 
crystallography to identify and characterize a novel CP190 MT binding domain. Moreover, 
we use gene editing to test the role of this domain in live animals to uncover a cytoskeletal 
role for CP190. Future work will address how CP190 precisely influences MTs to ensure 
proper spindle function and centrosome attachment. 
 
Materials and Methods 
CP190 S2 expression constructs 
	
We used the Gateway cloning system (Life Technologies) to generate all CP190 
constructs. CP190 fragments were PCR-amplified and cloned into pENTR/D, then shuttled 
into a pAGW destination vector (Life Technologies). Mutations in Fragment 1 (aa 1–209) of 
CP190 were generated using the Quikchange (Agilent Technologies) method with KOD-
Xtreme hot start DNA polymerase. Primers used for this study are listed in Table 2.1. Cells 
were transfected using Cell Line Nucleofector Kit V (Lonza Inc.) and imaged 48–96 hours 
later. Drosophila S2 cells were passaged in SF900 media supplemented with 
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penicillin/streptomycin mix (Invitrogen) and imaged in Schneider’s media (Gibco by 
LifeTechnologies, Grand Island, NY) supplemented with penicillin/streptomycin mix and 5% 
FBS. 
 
CP190 knockdown 
Double-stranded RNA was generated using a CP190 C-terminal exon corresponding 
to amino acids 786–924 and a 3’UTR region as templates (primers used are presented 
in Table 2.1. Template was amplified from the DNA and the T7 Ribomax in 
vitro transcription kit (Promega) was used to produce double strand RNA (dsRNA). Each 
dsRNA was added to SF900 media at 10 μg/mL in final concentration. dsRNA was added to 
cells at day 0 after transfection and 2 days post-transfection. Cells were imaged on day 4. 
Knockdown was confirmed by western blot. Primary antibodies used include anti-CP190 
antibody (Wallace et al., 2010) and anti-α-tubulin (1:500, clone DM1A; Sigma-Aldrich). 
 
Preparing cells for imaging 
S2 cells were plated on concanavalin A-coated MatTek (Ashland, MA) dishes (for 
live cell imaging) or #1.5 coverslips (for fixed-cell imaging) and allowed to adhere for 30 
minutes. Samples to be fixed were washed in 1X phosphate-buffered saline (PBS) then fixed 
with -20°C 100% MeOH for 15 minutes. Samples were stained at room temperature with 
primary antibodies in PBS+5% Normal Goat Serum (NGS) for 1 hour and with secondary 
antibodies in PBS+5% NGS for 30 minutes. Primary antibodies used were guinea pig anti-
Asterless (1:30,000; G. Rogers, University of Arizona Cancer Center, University of Arizona, 
Tucson, AZ), anti-α-tubulin (1:500, clone DM1A; Sigma-Aldrich). Secondary antibodies 
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were Alexa Fluor 568 or 647 (1:1000; Life Technologies). Coverslips were mounted using 
Aqua Poly/Mount (Polysciences, Inc., Warrington, PA) (Rogers et al., 2008). 
 
Image acquisition and analysis 
Imaging was performed on a Nikon Ti Microscope using a 100X (1.49 NA) objective, 
a CSU-22 spinning disk confocal head (Yokogawa, Tokyo, Japan), a charge-coupled device 
camera (CoolSNAP HQ2; Photometrics, Tuscon, AZ) and solid state lasers (VisiTech 
International, Sunderland, UK). Emission filters (Semrock, Rochester, NY) at 405, 491,561, 
and 647 nm used for emission were controlled by a MAC6000 (Ludl Electronic Products, 
Hawthorne, NY). The microscope was controlled by MetaMorph software (Molecular 
Devices, Sunnyvale, CA). Z-stacks of acquired images were scored for co-localization of 
CP190 fragments with either Asl (centrosome) or α-tubulin (microtubules). Data were plotted 
and statistical analyses were performed using Prism6 (GraphPad Software, Inc.). 
 
Cloning and expression for crystallization and biochemistry 
DNA encoding the Drosophila melanogaster CP190 BTB domain (residues 1–135) 
was subcloned into pET28 (Novagen) using NdeI and EcoRI restriction enzyme sites, 
generating a thrombin-cleavable N-terminal His6 tag. The pET28-CP190BTB construct was 
transformed into BL21 DE3 (pLysS) E. coli and grown at 37°C in 6 L Luria Broth under 
kanamycin selection (20 μg/L) to an optical density of 1.0 (λ = 600 nm). Protein expression 
was induced with 100 μM IPTG for 16 hours at 20°C. Cells were harvested by centrifugation 
at 2100 x g for 10 min, resuspended in 200 mL buffer A (25 mM Tris pH 8.0, 300 mM NaCl, 
10 mM imidazole, 0.1% β-ME) and stored at -20°C. Selenomethionine-substituted 
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CP190BTB was generated using B834 auxotrophic E. coli and minimal media containing L-
selenomethionine (Leahy et al., 1994). 
 
Protein purification 
The CP190BTB construct was purified by sequential Ni2+-NTA and ion exchange 
chromatography as follows. Cell pellets were thawed and lysed by sonication at 4°C. 
Phenylmethylsulfonyl fluoride (1 mM final) was added during lysis to prevent proteolytic 
degradation. Cell lysate was clarified by centrifugation at 23,000 x g for 45 min and the 
supernatant was loaded onto a 15 ml Ni2+-NTA column (Qiagen). The column was washed 
with 500 ml buffer A and protein was eluted using a 250 ml linear gradient between buffer A 
and B (buffer B = buffer A supplemented with 290 mM Imidazole). Fractions containing 
His6-CP190BTB were pooled and CaCl2 was added to a final concentration of 1 mM. The N-
terminal His6-tag was removed by digestion with 0.1 mg bovine α-thrombin (HTI, Essex 
Junction, VT) for 16 hours at 4°C while dialyzing against 4 L buffer C (buffer C = 25 mM 
Tris pH 9.0, 0.1% β-ME) using 3,000 MWCO dialysis tubing (ThemoScientific, Rockford, 
IL). Digested protein was removed from the dialysis tubing, diluted three-fold in buffer C 
and loaded onto a 15 ml Q-sepharose fast flow column (GE Healthcare), washed with 200 ml 
buffer C and eluted over a 250 ml linear gradient between buffer C and D (buffer D = buffer 
C supplemented with 1 M NaCl). Protein fractions containing CP190BTB were pooled, 
exchanged into 25 mM Tris pH 8.5, 200 mM NaCl, 0.1% β-ME and concentrated to 100 
mg/ml using a Millipore Ultrafree 3,000 MWCO concentrator (EMD Millipore, Darmstadt, 
Germany). Concentrated CP190BTBprotein was aliquoted, snap-frozen in liquid nitrogen, and 
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stored at -80°C. Purification of selenomethionine-substituted CP190BTB protein proceeded 
according to the native purification scheme. 
 
Crystallization 
CP190BTB was crystallized using the hanging drop vapor diffusion method. 2 μl of 
CP190BTB (native and selenomethionine-substituted protein) at 15 mg/ml was added to an 
equal volume of a mother liquor containing 20% PEG 3350, 160 mM ammonium citrate 
dibasic and equilibrated against 1 ml of mother liquor at 20°C. Crystals were transferred to 
LV CryoOil (MiTeGen) and flash frozen in liquid nitrogen. 
 
Data collection, structure determination, and refinement 
Isomorphous CP190BTB native and selenium single wavelength anomalous dispersion 
(SAD) peak data sets were collected on single crystals to a resolution of 2.5 and 2.7 Å 
respectively. Diffraction data was collected at the Advanced Photon Source 22-ID beamline 
at 100 K. CP190BTB crystals belong to the space group P3221 with one molecule in the 
asymmetric unit and had no evidence of twinning. Data was indexed, integrated, and scaled 
using HKL2000 (Otwinowski et al., 1997). Selenium sites were identified and used to 
generate initial experimental, density modified electron density maps (PHENIX) (Adams et 
al., 2010). Initial models were built using AutoBuild (PHENIX) followed by reiterative 
manual building in Coot and refinement using phenix.refine (PHENIX) (Adams et al., 2010; 
Emsley et al., 2010). The selenomethionine-substituted structure was refined against a 
MLHL target function. Selenomethionines in the resulting model were changed to 
methionines and the resulting structure used as an initial model for the wild-type BTB 
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domain structure. The structure was then refined against the native data to 2.5 Å resolution 
against a ML target function. Refinement was monitored using a Free R, using 10% of the 
data randomly excluded from refinement. Information regarding data statistics, model 
building and refinement can be found in Table 2.2. Atomic coordinates have been deposited 
in the Protein Data Bank under accession code 5EUP. 
 
Table 2.1 Primers used for amplifying CP190 and generation CRISPR fly 
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Table 2.2. Crystallographic data, phasing, and refinement statistics 
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Supporting Information 
 
Figure S2.1. CP190-F1 localizes to centrosomes in interphase. 
S2 cells transfected with CP190 constructs (green) were fixed and stained for the centrosome 
marker Asterless (Asl, red) and scored for centrosome localization. White arrow indicates the 
centrosome in the zoomed inset. Scale bar = 10 μm. 
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 Figure S2.2 CP190-F1 localizes to MTs in the absence of endogenous CP190. (A) S2 cells 
were treated with dsRNA to knockdown endogenous CP190 and transfected with CP190 F1. 
Western blot shows effective CP190 knockdown (KD). A loading control (tubulin) is shown 
below. MW is indicated at left (kDa). (B) Quantification of MT co-localization was 
completed in control and knockdown backgrounds using live cell imaging. The observed 
frequency of cells displaying CP190 F1 MT co-localization is on par with data presented in 
Fig2.2B. We note, however, that the observed frequency of cells displaying CP190 F1 
nuclear localization was significantly higher when analyzed using live cell imaging rather 
than fixed cell imaging. This difference is likely due to the harsh fixation protocol used. 
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 Figure S2.3 The CP190 F1-L linker region does not stably interact with EB1 over gel 
filtration. (A) Analysis of CP190 F1 revealed an SxIP–like motif in the linker (F1-L) region 
(yellow). A F1 construct in which the SxIP-like motif residues were mutated to SNNN was 
analyzed using live-cell imaging. (B) Cells were transfected with F1SNNN and TagRFP-
Tubulin. Localization of CP190 GFP-F1SNNN to the nucleus, MTs, or diffuse localization the 
cytoplasm, was quantified. There is a significant reduction of CP190 GFP-F1SNNN as 
compared to WT F1 (Fig 2.2). (C) Sizing column elution profile of EB1 (green), F1 (red), 
and EB1+F1 (blue). No significant peak shift is observed indicating that EB1 does not 
interact robustly with F1. 
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 Figure S2.4 BTB dimerization is important for protein stability. Mutating the BTB 
domain at the dimer interface renders the protein insoluble. Coomassie gels showing whole 
cell lysates from transformed E. coli growing the indicated protein: Uninduced (Uni.), 
Induced (In). Both BTB-WT and BTB L20E are produced in E. coli. Red boxes highlight 
insoluble protein in the pellet (P), and soluble protein in the supernatant (S) after lysis and 
centrifugation. BTB-WT has a soluble fraction, whereas BTB-L20E does not. 
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 Figure S2.5 BTB dimerization is important for localization of CP190 to MTs. S2 cells 
transfected with The GCN4 dimerization domain fused to F1-L rescues MT localization 
activity, indicating that dimerization is important for localization to the MT lattice. Bar = 10 
μm. 
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 Figure S2.6 Generation of cp190ΔL allele. (A) CP190 genomic locus. 5’ and 3’ UTR are in 
grey, exons are numbered in blue boxes, black lines indicated introns, red box in intron 2 is 
the linker region, PAM guide RNA site is indicated by black arrow. Below the genomic locus 
is a schematic of the repair construct. Primers used to screen for linker deletion in CRISPR 
flies are indicated in orange. Line above indicated sequence regions. (B) PCR of control yw 
fly and a heterozygous cp190ΔL fly. Expected sized are indicated to the right. (C) Western 
blot shows that protein is produced in the cp190ΔL fly. 
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CHAPTER 3: S. CEREVISIAE STU2 USES A 15NM PARALLEL COILED COIL TO 
DIMERIZE AND POSITION THE MICROTUBULE POLYMERASE ON THE 
MITOTIC SPINDLE 2 
 
 
 
Summary 
XMAP215 family proteins are potent microtubule polymerases, critical for mitotic 
spindle structure and dynamics. While non-yeast XMAP215 members are monomeric and 
employ a pentameric TOG domain array to drive microtubule polymerization, yeast members 
are homodimers that mechanistically utilize two tandem TOG domain pairs in trans to 
regulate microtubule dynamics. Yeast XMAP215 members have a conserved C-terminal 
dimerization domain. Structural insight into the dimerization domain’s architecture, mode of 
oligomerization, and role in cellular localization and activity remain outstanding. We present 
the crystal structure of the S. cerevisiae Stu2 dimerization domain, revealing a 15 nm parallel 
coiled coil that spans 99 residues. The parallel architecture of the coiled coil has mechanistic 
implications for the arrangement of the homodimer’s N-terminal TOG domains during 
microtubule polymerization. Along the coiled coil are two spatially distinct conserved 
regions: CR1 and CR2. Independent mutagenesis of residues in CR1 or CR2 does not affect 
domain stability/oligomeric state. However, when CR1 and CR2 mutations are introduced 
into the stu2 genomic locus, an important mitotic role for these regions is revealed. CRI and 
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CRII mutations decrease the rate of yeast growth when subjected to benomyl or cold, 
indicating that microtubule dynamics is challenged. Mutations in CR1 and CR2 perturb the 
distribution and localization of Stu2 along the mitotic spindle and yield defects in spindle 
morphology including increased frequencies of mispositioned and fragmented spindles. 
Collectively, these data implicate additional roles for the Stu2 dimerization domain in factor 
engagement to mediate localization along the mitotic spindle, requisite for Stu2-dependent 
mitotic spindle structure and dynamics. This highlights the Stu2 coiled coil domain as an 
important determinant in spindle stability and maintenance and implicates it as a scaffold for 
factor binding. 
 
Introduction 
Microtubules are highly dynamic polymers composed of αβ-tubulin that mediate 
intracellular traffic, cell migration, and mitotic spindle structure and dynamics. While the 
microtubule polymer has inherent GTP-hydrolysis-dependent dynamic instability, 
microtubule associated proteins are used to regulate microtubule dynamics in space and time 
in response to cellular cues (Desai and Mitchison, 1997). The XMAP215/Dis1 microtubule 
associated protein family was first identified in Xenopus extract where the protein XMAP215 
was found to promote microtubule polymerization (Gard and Kirschner, 1987). A 
homologous family member, Stu2, was isolated in a screen for suppressors of a cold sensitive 
β-tubulin (tub2) mutation that caused a defect in mitotic spindle function (Wang and 
Huffaker, 1997). Stu2 depletion results in cytoplasmic microtubules that are less dynamic, 
exhibiting an increase in the pause state with concomitant decreases in catastrophe and 
rescue frequency (Kosco et al., 2001). In mitosis, Stu2 is located at the kinetochore, the 
spindle pole body, and along the mitotic spindle (Chen et al., 1998, Usui et al., 2003; Gandhi 
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et al., 2011). During mitosis, Stu2 activity is required for kinetochore microtubule dynamics, 
centromere positioning, anaphase spindle elongation, and confers stability to properly 
attached kinetochores (Kosco et al., 2001; Severin et al., 2001; He et al., 2001; Pearson et al., 
2003). Recent studies have demonstrated an interaction between Stu2 and the Ndc80 
kinetochore complex (Hsu and Toda, 2011; Miller et al., 2016). This microtubule-
kinetochore coupling interaction is positively and negatively regulated by the level of 
tension. How Ndc80 engages Stu2 remains to be determined. 
 
Members of the XMAP215, CLASP, and Crescerin protein families use arrayed TOG 
domains to bind tubulin heterodimers and modulate microtubule dynamics. The number of 
TOG domains in these arrays, their spatial distribution, their individual architecture, and the 
protein’s oligomeric state is different both within and between the XMAP215, CLASP, and 
Crescerin families (Al-Bassam et al., 2006; Al-Bassam et al., 2007; Slep and Vale, 2007; 
Slep, 2009; Al-Bassam et al., 2010, Al-Bassam and Chang, 2011, Currie et al., 2011; Patel et 
al., 2012; Leano et al., 2013, Das et al., 2015). XMAP215 members have been investigated in 
cells and in vitro where they have been found to potentiate microtubule polymerization using 
their TOG domain array (Gard and Kirschner, 1987; Vasquez et al., 1994; Popov et al., 2002; 
van Breugel et al., 2003; Kerssemakers et al., 2006; Brouhard et al., 2008; Widlund et al., 
2011; Li et al., 2012; Trushko et al., 2013; Reber et al., 2013). Similar TOG-dependent 
microtubule polymerization activity have been observed for Crescerin in vitro, and the 
tubulin-binding activity of it TOG domain array has been found to be critical for proper 
microtubule structure in the amphid cilia of C. elegans (Das et al., 2015). Dual effects are 
have been noted for CLASP family members where Drosophila MAST/Orbit has been found 
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to enhance microtubule pause during interphase, yet promote tubulin incorporation into 
fluxing kinetochore microtubules (Maiato et al., 2005; Sousa et al., 2007). In addition to the 
TOG arrays, the C-terminal regions of the XMAP215 and CLASP families have been 
implicated in subcellular localization and recruitment of additional factors that modulate 
microtubule dynamics (Chen et al., 1998; Lee et al., 2001; van der Vaart et al., 2011; Li et 
al., 2011; Akhmanova et al., 2001;). The ability of TOG domain array-containing proteins to 
regulate microtubule dynamics relies on their domain architecture, the quaternary 
organization of these domains, and the factors that they bind.  
 
The domain architecture of XMAP215 family members has diverged between yeast 
and non-yeast eukaryotes. Non-yeast XMAP215 members including human ch-TOG and 
Drosophila Msps are monomeric, contain a pentameric N-terminal TOG domain array, basic 
linker regions that promote microtubule association, and a conserved C-terminal domain that 
binds SLAIN2/Sentin for EB1-dependent microtubule plus end recruitment (Wang and 
Huffaker, 1997; 11,16,17,24,25,30,31). In contrast, S. cerevisiae Stu2 and S. pombe Dis1 and 
Alp14 contain only two N-terminal TOG domains, a central basic linker that promotes 
microtubule binding, and a C-terminal dimerization domain, predicted to be a coiled coil (Al-
Bassam et al., 2006; Nabeshima et al., 1995; Nakaseko et al., 1996; Garcia et al., 2001). 
While a disordered region C-terminal to the Stu2 coiled coil has been shown to bind Spc72 
(Chen et al., 1998), whether factors engage the coiled coil remains unknown. Recent studies 
have indicated that Dis1, Stu2, and human ch-TOG are able to engage the Ndc80 kinetochore 
complex, but the regions on these XMAP215 family members that mediate this interaction 
have not been mapped (Hsu and Toda, 2011; Miller et al., 2016). Stu2 microtubule 
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polymerase activity is dimerization-dependent and functionally operates with a pair of two 
TOG domains (four total) while non-yeast eukaryotes (excluding C. elegans) operate with 
five (Al-Bassam et al., 2006; Gard et al., 2004). How multiple TOG domains operate in cis or 
trans to bind tubulin heterodimers and potentiate microtubule polymerization remains an 
open question, but the number of TOG domains in the array and their oligomeric state set 
boundaries on the mechanistic similarity of yeast and non-yeast XMAP215 family members. 
How Stu2’s dimerization domain positions the dimer’s two N-terminal TOG domain pairs, 
parallel or antiparallel, remains outstanding, as does the role of the dimerization domain in 
Stu2 localization and polymerase function on the mitotic spindle. Thus, elucidating the 
geometry of Stu2’s dimerization domain and probing its determinants is required to further a 
mechanistic understanding of Stu2 localization and activity.  
 
Here we investigate the structure of Stu2’s conserved C-terminal coiled coil, hereafter 
referred to as Stu2CC. We present the crystal structure of Stu2CC, which reveals a 15 nm-long 
parallel coiled coil. The coiled coil has two conserved, surface exposed regions, anticipated 
to mediate factor binding. The N-terminal conserved region contains a unique tryptophan 
that, in order to pack at the dimer interface, introduces regional asymmetry and locally 
expands the coiled coil’s diameter. A second conserved region, located in the domain’s C-
terminal half, is 2-fold symmetric and spans 7 nm. Solution experiments confirm Stu2CC’s 
homodimeric state, its α-helical content, and show that the coiled coil is relatively thermo-
stable. Mutating determinants in either of the Stu2CC conserved regions compromises yeast 
growth rates at 18 °C or when subjected to benomyl and affect Stu2 spindle localization with 
concomitant effects on spindle structure. The Stu2CC parallel coiled coil structure establishes 
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distance constraints for the positioning of the dimer’s N-terminal TOG domains at the 
microtubule plus end. Furthermore, we have unveiled roles for the Stu2CC conserved regions 
in proper Stu2 spindle localization, requisite for proper Stu2-dependent spindle structure and 
dynamics. These findings implicate key determinants in the Stu2CC as binding sites for 
unidentified spindle factors that play key roles in spatially regulating Stu2 activity.   
Results 
The Stu2 conserved C-terminal domain is homodimeric  
	
Yeast XMAP215 family members contain three conserved domains: two N-terminal TOG 
domains with microtubule binding activity and a C-terminal domain predicted to be a coiled 
coil (Fig 3.1A). This is distinct from the pentameric TOG array architecture of non-yeast 
XMAP215 members (excluding ZYG-9) which is followed by a distinct C-terminal domain 
involved in microtubule plus end localization. Recent structures of the Stu2 TOG1 and TOG2 
domains bound to tubulin have informed the TOG domain array collectively drives 
microtubule polymerization. However, no structural information is available on the Stu2 C-
terminal domain, which is highly conserved across yeast species (Fig 3.1B) and is required 
for full Stu2-dependent activity (Al-Bassam et al., 2006). To gain biophysical, structural and 
functional insight into the role of the C-terminal domain, we first set out to determine 
whether the domain confers homodimerization. To determine the oligomeric state of the Stu2 
C-terminal region we examined the domain using size exclusion chromatography-multi angle 
light scattering (SEC-MALS). Stu2, residues 655-760 (Stu2CC) was expressed in E. coli and 
purified to homogeneity. Stu2CC (100 μl, 45 μM) was injected onto a gel filtration column 
pre-equilibrated in a pH 7.5 running buffer. Stu2CC eluted off the gel filtration column as a 
single peak (Fig 3.1C). SEC-MALS molecular weight determination produced an 
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experimental weight of 27.6 kDa. The formula weight of the cloned Stu2CC construct is 
13,484 Da. This indicates that Stu2CC is a homodimer in solution, in agreement with previous 
studies that showed Stu2 was dimeric or demonstrated that the Stu2CC domain was necessary 
for dimerization (van Breugel et al., 2003; De Wulf et al., 2003; Al-Bassam et al., 2006). 
 Figure 3.1. The Stu2 C-terminal domain is a dimeric coiled coil with two conserved 
regions. (A) Stu2 domain architecture, showing the two N-terminal TOG domains (TOG1 
and TOG2, shown in light and dark orange respectively), a central basic linker region 
implicated in microtubule binding (dark blue), and the C-terminal coiled coil domain 
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(rainbow). (B) Sequence alignment of the Stu2CC region across diverse yeast species. 
Residues with 80% identity and 80% similarity are highlighted in green and yellow 
respectively. Conserved regions (CR I and CR II) are boxed and point mutations in these 
regions are indicated in red below the alignment. Residue numbers are indicated for Stu2. 
Heptad repeat positions are indicated in lowercase letters (a-f) above the alignment. Residues 
involved in the dimerization interface are colored magenta. The accessible surface area 
(ASA, black) and buried surface area (BSA, gray) for each residue in chain A is presented 
above the alignment, calculated using the ePISA server (Krissinel and Henrick, 2007). ASA 
is calculated based on the solvent accessibility of a residue in the absence of chain B and 
symmetry mates. Regions from the alignment shown in molecular detail in Fig 3.2D, E, and 
F are boxed in cyan, green, and yellow respectively. (C) SEC-MALS analysis of Stu2CC, 
injected at 45 μM (100 μl). The left y-axis represents experimentally determined molecular 
weight (kDa), the right y-axis represents Rayleigh ratio (relative units), and the x-axis 
represents time (min) after injection. The Stu2CC construct forms a dimer in solution at pH 
7.5 with an experimentally determined molecular weight of 27.6 kDa, versus its 13.5 kDa 
formula weight. (D) CD spectra of Stu2CC (11 μM) at 23 °C, pH 7.5, showing minima at 208 
and 222 nm, indicative of α-helical secondary structure. (E) CD melt of Stu2CC conducted in 
1 °C steps, monitoring CD signal at 208 nm (gray trace) and 222 nm (black trace). The 
inflection point of each melt curve occurs at 51.5 °C. (F) Cartoon diagram of the Stu2CC 
structure with both chains colored in an indigo to red spectrum from the N-terminus to the C-
terminus. Image below is after a 90° rotation about the x-axis. (G) The Stu2CC structure 
shown in spherical format, colored gray with conserved resides colored in green and yellow 
as in Fig 3.1B. (H) Stu2CC electrostatics, contoured from –3 kBT/e (red) to +3 kBT/e (blue). 
The two orientations of Stu2CC in G and H correlate with the orientations in F. 
 
Stu2CC is a stable α-helical domain  
	
To probe the secondary structure and stability of the Stu2CC domain, we analyzed the 
domain using CD. CD spectra were collected at 23 °C, pH 7.5, using 11 μM Stu2CC. The CD 
spectra showed two minima, one at 208 nm and a second at 222 nm, indicative of α-helical 
secondary structure (Fig 3.1D). We next performed a temperature melt, using 1 °C steps, 
monitoring the CD signal at 208 nm and 222 nm from 20 to 94 °C. The Stu2CC domain 
melted cooperatively and both curves (monitoring CD signal at 208 and 222 nm) had an 
inflection point at 51.5 °C (apparent Tm), indicative of a relatively stable structure (Fig 3.1E). 
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Stu2CC is a 15 nm parallel coiled coil  
	
To investigate the architecture of Stu2’s homodimerization domain, we crystallized 
SeMet-substituted Stu2CC and collected a 2.5 Å resolution, single-wavelength anomalous 
dispersion data set. Crystals belonged to the space group P21 and contained two protein 
molecules in the asymmetric unit. The Stu2CC region contains five endogenous methionine 
residues; accordingly, ten selenium sites were identified in a heavy atom search and were 
used to generate experimental electron density maps. The Stu2CC structure was built and 
refined to R and Rfree values of 25.9 and 29.9 respectively. Crystallographic statistics are 
presented in Supplemental Table S3.1. 
 
The Stu2CC domain forms a parallel coiled coil over residues 657-755 (Fig 3.1F), 
confirming the α-helical profile detected using CD. These ordered 99 residues span a 
distance of 148 Å, a distance nearly equivalent to the length of two tubulin heterodimers 
along a microtubule protofilament. The parallel coiled coil has a standard left-handed super-
coil that rotates each helix ~270° about the axis of the coiled coil. Comparative structural 
analysis using the Dali server indicates that the most similar structure currently available in 
the protein data bank is Cortexillin I, which aligns reasonably well with a root mean square 
deviation equal to 2.3 Å over 99 aligned Cα atoms (Z = 7.8, pdb 1D7M)(Holm and 
Rosenstrom, 2010; Burkhard et al., 2000). The Stu2CC dimerization interface encompasses a 
large area, burying 2670 Å2 of solvent accessible surface area from each chain. The 
accessible surface area (ASA) and buried surface area (BSA) for each residue in chain A is 
presented above the alignment in Fig 3.1B. The Stu2CC dimerization interface involves a 
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diverse set of interactions ranging from standard hydrophobic van der Waals contacts to 
polar residues interlocked by an extensive hydrogen bond network. 
 
To map conservation regions on the dimerization domain, we analyzed sequence 
similarity across Stu2 homologs from ten diverse yeast species (Fig 3.1B). We contoured 
cross-species conservation at 80% identity and 80% similarity (green and yellow 
respectively, Fig 3.1B). We then mapped these contours on the Stu2CC structure, revealing 
two separate areas of conservation: conserved region I (CRI) spanning residues 671-682 
within the N-terminal half of the coiled coil, and conserved region II (CRII) spanning 
residues 702-745, occupying most of the coiled coil’s C-terminal half (Fig 3.1G). Stu2CC’s 
electrostatic profile displays a relatively polarized structure with positive charges 
concentrated within the N-terminal half of the structure, and negative charges concentrated 
within the domain’s C-terminal half (Fig 3.1H). The homodimeric domain has a theoretical 
isoelectric value of 5.2, collectively composed of 44 negatively charged residues and 38 
positively charged residues. The positive electrostatic profile within the N-terminal half abuts 
the basic linker region that bridges TOG2 and the coiled coil and is involved in microtubule 
binding (Wang and Huffaker, 1997; Al-Bassam et al., 2006). CRI and CRII each display a 
mixed positive and negative electrostatic profile with surface-exposed hydrophobic content 
suggesting that factors that engage these respective regions likely interact via a mix of 
hydrogen bonds and van der Waals contacts. 
 
Within the Stu2CC CRI region a structural deviation from canonical coiled-coil 
architecture is evident. At CRI, the coiled coil flares and the α-helices run nearly parallel to 
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one another rather than assuming the ~23° inter-helical angle that underlies the domain’s 
overall left-handed super-coil and occurs in the regions that flanking CRI (Fig 3.2A). To 
examine this in more detail, we analyzed the inter-chain distance between equivalent Cα 
atoms at the coiled coil interface (Fig 3.2B-C). The closest approach of equivalent Cα atoms 
occurs between the a-a’ and d-d’ positions of the heptad repeat (Fig 3.2B). We plotted the 
distance between equivalent a-a’ and d-d’ Cα atoms and noted a distinct increase in the Cα-
Cα’ inter-chain distances over CRI spanning residues E675-L685 (Fig 3.2C). Within this 
region is the conserved tryptophan, W678, located at the dimerization interface. The bulky 
tryptophan side chain is not common to coiled coil interfaces due to packing constraints. 
Accordingly, W678 and W678’ adopt distinctly different rotamer positions in order to pack 
at the interface (Fig 3.2A, D). While the planes of each tryptophan’s indole ring run nearly 
parallel to the coiled coil’s axis, each rings assumes a rotameric state about its Cα-Cβ bond 
that is rotated 180° relative to its homodimeric mate. These two distinct rotameric states 
position each tryptophan’s indole amine on the same face of the coiled coil. The W678’ 
indole ring stacks against the W678 indole ring and is stabilized by a hydrogen bond with the 
glutamate E681 side chain carbonyl group. The E681 side chain carbonyl is in turn buttressed 
by a hydrogen bond to the arginine R682’ guanidinium group (Fig 3.2D). While most of the 
Stu2CC dimerization interface has approximate 2-fold symmetry along the axis of the coiled 
coil, the asymmetric packing of the W678 and W678’ side chains in CRI creates local 
asymmetry. As a result of the asymmetric tryptophan packing, the two α-helices locally flare 
and run nearly parallel to one another. The asymmetry manifests as non-equivalent binding 
sites on either side of the CRI coiled coil, which has implications for the stoichiometry of 
factors that may bind CRI. 
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The Stu2CC C-terminal half encompassing CRII displays a number of unique features. 
The first feature spans residues E702-R707 and involves an extensive dimerization interface 
mediated by polar residues that engage through a network of hydrogen bonds (Fig 3.2A, E). 
At the interface core, the asparagine N703 and N703’ side chain amide groups are oppositely 
oriented and interact through a hydrogen bond between the N703 Oδ and the N703’ Nδ. 
Flanking the N703-N703’ dimer interface are the arginine-glutamate perimeter pairs R707-
E702’ and R707’-E702. The complementary arginine and glutamate residues are 
differentially positioned to pair and stabilize each respective asparagine at the dimerization 
interface. The N703 Nδ forms a hydrogen bond with the E702’ carbonyl, which is in turn 
stabilized by a hydrogen bond to the R707 guanidinium group. In contrast, the N703’ Oδ is 
stabilized by the R707’ guanidinium group which is in turn stabilized by a hydrogen bond to 
the R702 carbonyl. N703 is invariant across six of the ten yeast species aligned in Fig 3.1B. 
In four yeast species, N703 is replaced by a hydrophobic residue (isoleucine or methionine) 
and in each of these cases, a compensatory change occurs in which R707 is replaced by a 
lysine. The arginine-to-lysine replacement likely uses the lysine aliphatic chain to flank the 
core’s perimeter, form van der Waals contacts with the hydrophobic residue occupying the 
N703 position, and use its side chain amine to hydrogen bond with the conserved glutamate, 
equivalent to Stu2 E702. 
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Figure 3.2. Stu2CC contains conserved and distinct structural features. (A) Stick diagram 
of the Stu2CC dimer, shown in an indigo to red spectrum from the N-termini to the C-termini 
(left to right). Regions shown in detail in D-F are boxed and their corresponding sequence is 
indicated above. (B) Standard homodimeric coiled coil helical wheels showing the relative 
positions of heptad repeat residues a through f and a’ through f’. Positions a, d, a’ and d’ are 
located at the dimerization interface. (C) Inter-chain a-a’ (red) and d-d’ (cyan) distances 
(measured in Å) between homologous Stu2CC Cα atoms at the dimer interface are plotted. 
The asymmetric packing of the conserved W678 side chains underlies the helical flare that 
spans E675 to K688 (indicated). Red and cyan dashed lines represent the average Cα-Cα’ 
distance for the a-a’ (5.9 Å) and d-d’ (6.5 Å) measurements respectively (averages were 
calculated excluding residues in the helical flare). D. Zoom view of the CRI helical flare 
involving W678. W678 and W678’ are packed asymmetrically. W678’ is stabilized by a 
network of hydrogen bonds (dashed lines) involving the conserved residues E681 and R682’. 
An intra-helical hydrogen bond involving T679’ and the E675’ backbone carbonyl further 
stabilizes the region. Residues are shown in cyan stick format. (E) Zoom view of CRII 
spanning E702-R707 involving an extensive regional dimerization interface stabilized by a 
network of hydrogen bonds (dashed lines). Selected residues are shown in green stick format. 
Image is viewed out of the bore of the helices after a 90° rotation about the x-axis of the 
image shown in A. (F) Zoom view of the CRII segment containing the sequence LRSK 
(residues 724-727) shown in yellow stick format. The surface exposed R725 and S726 
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residues are not involved in dimer formation or intra- or inter-helical hydrogen bonding. CRI 
and CRII residues mutated in this study are indicated in red in A, D, and F. 
 
A second feature within Stu2CC’s C-terminal region is a highly conserved segment in 
CRII spanning residue L724-E728 with the sequence LRSKE (Fig 3.2A, F). While L724 and 
the aliphatic portion of the K727 side chain are positioned at the dimerization interface, 
R725, S726, E728, and the K272 side chain amine are solvent accessible and are not 
involved in intra- or inter-helical stabilization. The Stu2CC structure’s L724-E728 segment 
contains the highest concentration of cross-species invariant residues. The accessibility of 
these conserved components suggest that they are not involved in dimerization, but factor 
binding. 
 
The Stu2CC structure does not contain an apparent consensus trigger sequence found 
in many coiled coils, including GCN4 and Cortexillin, that initiates coiled coil formation 
(Burkhard et al., 2000; Kammerer, 1998; Steinmetz et al., 1998). Trigger sequences employ 
intra- and inter-helical hydrogen bonding to promote autonomous, regional helical folding 
and concomitant homodimerization. What element in Stu2CC triggers coiled coil formation 
remains to be determined. 
 
Point mutations in the Stu2CC CR1 and CR2 regions lead to growth defects under 
microtubule stress 
 
To determine if distinct structural features in the Stu2CC contribute to Stu2 regulation 
of the microtubule cytoskeleton, we designed targeted point mutations in the two conserved 
regions CR1 and CR2. Specifically, we used mutagenesis to probe the functional roles of 1) 
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the conserved tryptophan flare caused by W678 at the CR1 dimer interface by mutating the 
tryptophan to leucine (W678L = CRImut), a residue common to coiled coil interfaces, and 2) 
two conserved, consecutive, surface exposed residues in CR2: R725 and S726, which we 
mutated to glutamate (charge reversal) and alanine respectively (R725E-S726A = CRIImut). 
These structure-based mutations were introduced at the STU2 genomic locus so that the only 
copy of Stu2 expressed contained the desired mutation(s). Yeast strains expressing WT-Stu2, 
Stu2-CRImut, and Stu2-CRIImut were generated, one set containing a C-terminal 13xMyc tag, 
and the other set containing a C-terminal GFP tag. It is important to note that for all assays, 
WT STU2 denotes a strain that contains the same tag as the CRImut and CRIImut strains used 
in the respective assay. The viability of these strains contrasts with the lethality associated 
with stu2 deletion (Wang and Huffaker, 1997) indicating that the C-terminal myc tag, GFP 
tag, as well as the point mutations in CR1 and CR2 do not completely compromise Stu2 
activity. Since Stu2 has been shown to regulate the microtubule cytoskeleton, we examined 
these strains using classical assays that measure microtubule cytoskeleton integrity. 
Specifically, we compared and contrasted the stu2 strains under normal growth conditions 
and under conditions that stress the microtubule cytoskeleton. Destabilizing the microtubule 
cytoskeleton using cold (18 °C) or the microtubule-destabilizing drug benomyl unveils 
weakness in the microtubule cytoskeletal system that would go unseen under permissive 
growth conditions. 
 
We used a multi-pronged approach to assay how well each of our stu2 strains could 
respond to microtubule stress. In doing so, we revealed a role for Stu2 CRI and CRII in 
regulating the microtubule cytoskeleton. Serially diluted cells were pronged onto YPD plates 
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+/- 10 μg/ml benomyl and then grown at 18 (cold), 32 (normal), and 37 °C (warm) (Fig 
3.3A). In the absence of benomyl, all strains grew indistinguishably at 32 and 37 °C. 
However, mutants placed at 18 °C displayed severe growth inhibition as compared to the WT 
Stu2-myc control strain. Additionally, mutants displayed enhanced benomyl sensitivity when 
grown on plates at 32 or 37 °C, or in liquid culture at 32 °C (Fig 3.3A-C). Taken together, 
these results support a role for Stu2 CRI and CRII in regulating the microtubule cytoskeleton. 
 
To ensure that the point mutations we introduced in CR1 and CR2 were not affecting 
the structure and stability of the Stu2CC, we expressed and purified Stu2CC W678L (CRImut) 
and R725E, S726A (CRIImut) mutant constructs from E. coli and analyzed the structure and 
thermal stability of the constructs using circular dichroism. Both mutant constructs produced 
signature α-helical spectra with minima at 208 and 222 nm at 23 °C as was observed with the 
WT Stu2CC domain (Fig 3.3D). Thermal melts revealed an apparent Tm of 46.5 °C for CRImut 
and 51.5 °C for CRIImut (Fig 3.1E-F). In comparison, the WT domain had an apparent Tm of 
51.5 °C. These results indicate that both mutants retain their α-helical dimeric state over the 
temperature ranges analyzed in vivo and gave us license to move forward with functional 
analyses in vivo. Interestingly, the asymmetric CRI W678-W678 dimer interface has slightly 
higher thermal stability than the CRIImut W678L-W678L dimer interface. Mutating the CR2 
residues R725 and S726 did not alter the thermal stability of the Stu2CC domain, in accord 
with the structure, which showed that these residues were surface exposed and were not 
engaged in side-chain side-chain interactions along the helix that could aid in stability. 
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Stu2 CRI and CRII determinants contribute to spindle positioning and morphology 
	
The growth defects observed for mutant Stu2 strains at 18 °C or when challenged 
with benomyl suggest complications in cell division. In support of this, after overnight 
growth at 18 °C, Stu2 CRImut and CRIImut cells grew massive in size (> 2 x WT) while WT 
Stu2-myc cells had no gross cellular defect (data not shown). We hypothesized that these 
phenotypes arose from mitotic failure in the Stu2 CRImut and CRIImut strains. To test this 
hypothesis, we analyzed spindle morphologies across WT and mutant Stu2 strains using 
fluorescence microscopy. To directly visualize the microtubule machinery involved, we 
introduced Tub1::mCherry into our Stu2 yeast strains. Population images of mitotic yeast 
cells reveal severe spindle defects present in Stu2 CRImut and CRIImut strains (Fig 3.4A-B). 
Typically, when a yeast cell buds, the spindle will migrate towards the bud neck and then 
elongate through the bud neck to segregate DNA between the two daughter cells. 
Occasionally, the spindle is short or becomes mispositioned. Generally only a small 
percentage of cells within a population have mispositioned spindles (<5%). However Stu2 
CRImut and CRIImut strains have significantly more mispositioned spindles as compared to 
WT (CRImut = 42%, CRIImut = 19%). Unexpectedly, when scoring spindles phenotypes in the 
mutant strains, we observed many cells with fragmented or multiple spindles, indicating that 
a spindle broke while being formed or the cell failed to undergo a previous mitosis and thus 
generated two spindles in the current mitosis. While spindle fragmentation was not observed 
in WT cells, it was observed in CRImut cells with a frequency of 15% and in CRIImut cells 
with a frequency of 27%. Spindle fragmentation is reminiscent of a temperature sensitive 
stu2 mutant described by Severin et al., that led the authors to ascribe Stu2 with a structural 
role during spindle elongation (Severin et al., 2001). Collectively, while WT Stu2-myc cells 
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produced abnormal spindles in only 6% of mitotic cells, Stu2 CRImut and CRIImut cells 
produced abnormal spindles in 57% and 46% of mitotic cells respectively. The increased 
percentage of aberrant spindles observed in the Stu2 CRImut strain relative to the CRIImut 
strain correlates with the more pronounced growth defects observed for the CRImut strain 
when benomyl was present (Fig 3.3C).   
 Figure 3.3. Mutations in Stu2CC CRI and CRII lead to increased benomyl and cold 
sensitivity. (A) Yeast strains (WT Stu2, Stu2-CRImut, and Stu2-CRIImut) were plated using a 
10-fold serial dilution series on 0 μg/ml, or 10 μg/ml benomyl (Ben). Duplicate plates were 
put at 18, 32, and 40 °C. Benomyl sensitivity is indicated by decreased growth at 32 and 40 
°C (no growth is observed even for WT yeast on benomyl plates at 18 °C). Cold sensitivity is 
apparent for 18 °C plates with no benomyl treatment. (B) Yeast were diluted to an OD660 of 
0.1 in YPD. All strains were grown at 32 °C shaking at 250 rpm. Growth curves plot OD660 
over a 24-hour time period. All strains grown in YPD at 32 °C have similar growth rates. (C) 
Yeast strains were grown as in B, but YPD was supplemented with 10 μg/ml benomyl. 
Introducing benomyl slows the growth rate for both the CRImut and CRIImut strains. (D) CD 
spectra of WT and mutant Stu2CC constructs CRImut and CRIImut at 20 °C all show signature 
minima at 208 and 222 nm, indicative that the mutations did not perturb the domain’s α-
helical character. (E-F) CD thermal melts of mutant Stu2CC constructs CRImut (E) and CRIImut 
(F) were taken in 1 °C steps from 20 to 94 °C. Stu2CC CRImut and CRIImut have cooperative 
unfolding profiles with inflection points at 46.5 and 51.5 °C respectively. The CRI mutation 
W678L lowered the Tm 5 °C relative to the WT construct (see Fig 3.1E, 51.5 °C, indicated in 
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E and F by a green arrow). The CRII double mutations R725E and S726A did not change the 
Tm from the WT value.  
 
CR1 and CR2 determinants regulate spindle structure and Stu2 positioning 
	
We next asked whether the aberrant spindle morphologies caused by mutations in 
Stu2 CRI and CRII were caused by Stu2 mislocalization. To analyze Stu2 localization we 
generated C-terminal GFP-tagged WT, CRImut and CRIImut Stu2 strains via recombination at 
the endogenous locus. In these same strains, RFP was introduced into the spc29 locus to 
generate Spc29::RFP and label the spindle poles. WT Stu2 normally localizes to microtubule 
plus ends (on the metaphase spindle, this correlates with kinetochore microtubule (kMT) plus 
ends). The two Stu2::GFP foci, internal to the two Spc29::RFP foci, each represent a 
population of kMT plus ends that project inward from a spindle pole body (Fig 3.5A). To 
quantitate Stu2::GFP distribution along the spindle, we used the two Spc29::RFP foci to 
delineate the spindle axis and performed linescan fluorescence analysis along this axis (Fig 
3.5B; note that Spc29::RFP preferentially localizes to the mother spindle pole body). We 
analyzed Stu2::GFP intensity along the spindle axis for strains grown at 18 and 32 °C in the 
absence of benomyl. 
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Figure 3.4. Mitotic spindle structure is disrupted in the Stu2-CR1mut and Stu2-CR2mut 
strains. (A) Representative images of spindle morphology phenotypes scored including 
normal, mispositioned, and fragmented spindles. Rows show phase, Tub1::mCherry, and 
merge. Scale bar is 1 μm. (B) Above: Cartoon representation of each mitotic spindle 
phenotype scored. Gray scale color correlates with the bars in the histogram shown below. 
Spindle morphologies were scored and binned for WT Stu2, Stu2-CRImut, and Stu2-CRIImut 
strains. Stu2-CRImut and -CRIImut strains have a significant increase in the frequency of 
aberrant spindle morphology as compared to the WT strain. Error bars represent SD. (n = 95 
(WT), 102 (CRImut), 85 (CRIImut). 
 
In the WT strain, Stu2::GFP localized along the spindle axis as two foci ~90% of the 
time. Surprisingly, the distribution and number of discreet of Stu2-CRImut-GFP and Stu2-
CRIImut-GFP foci along the spindle axis were dramatically altered in the mutant strains. Stu2-
CRImut-GFP showed aberrant localization along the spindle in ~50% of mitotic cells, grown 
either at 18 or 32 °C (Fig 3.5C). When grown at 32 °C, Stu2-CRIImut-GFP showed aberrant 
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spindle localization in 41% of mitotic cells analyzed. Aberrant spindle localization increased 
to 58% of mitotic cells analyzed when the Stu2-CRIImut-GFP strain was grown at 18 °C. For 
both mutant strains, when mitotics presented with the normal number of two Stu2::GFP foci, 
the foci were abnormally anisotropic, and were elongated along the spindle axis. Both the 
elongated foci, and additional foci, represent either a dispersal of kMT plus ends along the 
spindle axis or a failure of Stu2 to localize exclusively to microtubule plus ends, thereby 
increasing the overall spindle zone(s) where Stu2 localizes. Moreover, the amount of Stu2 on 
the spindle (integrated GFP fluorescence intensity) in foci directly proximal to the spindle 
pole body was significantly increased in the Stu2-CRImut and -CRIImut strains as compared to 
the WT strain (Fig 3.5D). This dispersal of Stu2-CRImut and -CRIImut protein along the 
spindle axis could compromise spindle microtubule dynamics, potentially leading to the 
increase in fragmented and/or broken spindles observed in these strains. Overall, the 
mislocalization of mutant Stu2::GFP indicates a role for the coiled coil CR1 and CR2 regions 
in proper Stu2 localization.  
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 Figure 3.5. Mutations in the Stu2CC CR I and CR II regions alter Stu2 distribution and 
localization on the yeast mitotic spindle and affect spindle length. (A) Stu2::GFP (tagged 
at the endogenous locus) localizes to the metaphase mitotic spindle primarily as two foci, just 
interior to the Spc29::RFP (tagged at the endogenous locus) foci that label the two spindle 
poles. Yeast grown at 32 °C, scale bar: 1 μm. Mutant Stu2 strains CRImut and CRIImut (both 
tagged at the endogenous locus with GFP) shows altered distribution along the spindle. The 
Stu2::GFP CRImut and CRIImut strains show defects in localization, including aberrant 
numbers of foci along the metaphase spindle.  (B) Intensity line scan across the normal 
metaphase spindle shown in A. Two Spc29::RFP maxima define the mother (major peak) and 
daughter (minor peak) spindle pole bodies. Two Stu2::GFP foci localize just interior to the 
Spc29::RFP foci and are relatively uniform in intensity and distribution. (C) Quantification 
of Stu2::GFP localization to metaphase spindles between Spc29::RFP-labeled poles for 
strains grown at 32 °C or grown at 32 °C and shifted to 18 °C for one hour prior to imaging. 
Normal localization is two uniform round foci as seen in A (left panel). Anything that 
deviated from this localization was classified as abnormal. Stu2-CRImut and CRIImut strains 
had a significant increase in abnormal Stu2 localization relative to the WT strain at 
corresponding temperatures. (D) Stu2::GFP localization proximal to the spindle poles (32 
°C) is enhanced in the Stu2-CRImut and -CRIImut strains. Intensities in a 9x9 pixel region of 
interest centered on the respective pole-proximal Stu2-GFP focus were integrated and 
background subtracted to quantitate Stu2::GFP levels. **** Indicates p-value < 0.0001. (E)  
Metaphase spindle length was measured as the pole-to-pole distance, determined using the 
distance between Spc29::RFP foci maxima. The Stu2-CRImut and -CRIImut strains show an 
increased spindle length at 18 °C. The black dotted line represents the WT mean at 32 °C. All 
data with black errors bars are not statistically different from one another. The two gray 
scatter plots with red error bars indicate data that is statistically different from the black 
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scatter plots (p-value < 0.0001) but not statistically different from one another. Scatter dot 
plots in D and E indicate the mean plus and minus the SD. 
 
While assessing Stu2::GFP localization in WT, Stu2-CRImut and -CRIImut strains, we 
noticed an apparent increase in the population of long metaphase spindles in the mutant 
strains at the non-permissive temperature of 18 °C. To directly quantify the length of 
spindles, we measured the distance between metaphase spindle poles using Spc29::RFP as a 
marker. Consistent with our initial observations, the average length of metaphase spindles in 
the Stu2-CRImut and -CRIImut strains at 18 °C (1.18 and 1.25 μm respectively) was 
significantly increased over the average WT spindle length (0.89 μm) at 18 °C (Fig 3.5E). 
This may indicate that the spindles are unable to readily transition from a metaphase to 
anaphase state. Consistent with this, we observed a larger number of the late metaphase 
spindles in the mutant stu2 strains compared to WT (data not shown). It is important to note 
that only spindles that had two resolvable Spc-29::RFP foci were used for this analysis. Any 
collapsed spindles (where two foci could not be independently resolved) were not included in 
these measurements. Altogether, these data show that CRI and CRII play important roles in 
Stu2 localization, spindle architecture, and dynamics.   
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Discussion 
Here, we have performed biophysical and structural experiments to examine a 
conserved C-terminal region in the microtubule polymerase, Stu2. We find that the Stu2CC 
domain forms a structurally unique, 15 nm, parallel, homodimeric coiled coil. The 
importance of the Stu2CC domain is underscored by previous work that demonstrated the 
Stu2CC domain mediates Stu2 oligomerization, promotes Stu2-microtubule association, and 
when deleted, results in yeast growth defects (3,11). Whether the Stu2CC domain confers each 
of these properties through dimerization-mediated avidity effects, or through direct factor 
binding was unknown. A key fact, revealed by our structure, is the parallel orientation of the 
Stu2 coiled coil. This has implications for the relative positioning of the Stu2 N-terminal 
TOG domain pairs, TOG1 and TOG2. These TOG domains each have αβ-tubulin binding 
activity and are required for Stu2’s microtubule polymerization activity (11,13,43). As the 
Stu2 dimer has two pairs of TOG domains, the Stu2CC parallel coiled coil functionally 
permits the TOG domains to work cooperatively in space, potentially by promoting the 
longitudinal and/or lateral tubulin contacts that underlie the microtubule lattice. The Stu2 
dimer’s parallel arrangement may enable the four TOG domains to mechanistically function 
akin to higher eukaryotic XMAP215 members that are monomeric, but contain a pentameric 
TOG array. If the Stu2 coiled coil was anti-parallel, the resulting 15 nm separation between 
the two α-helices’ N-termini would place geometrical constraints on cooperative TOG 
activity given that TOG domains bind the polarized microtubule lattice with their own 
polarity, as observed in a recent structure of a Stu2 TOG1-αβ-tubulin complex (43). The 
Stu2CC domain’s length also has implications in mitotic function. Stu2 is critical for 
microtubule dynamics and drives spindle elongation in anaphase via microtubule plus end 
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polymerase activity. Localized at the dynamic microtubule-kinetochore interface, how Stu2 
binds kinetochore components while engaging the microtubule plus end during phases of 
polymerization and depolymerization remains to be determined. The Stu2CC domain’s 15 nm 
length likely facilitates the molecular bridge required to span stable kinetochore attachment 
while positioning the TOG domains to engage the dynamic microtubule plus end during 
phases of polymerization and depolymerization. 
 
Our Stu2CC structure highlights two conserved regions, likely involved in Stu2 
protein-protein interactions. The first region, CR I, involves a conserved tryptophan, 
uncommon to coiled coil interfaces, which causes a local flare in the coiled coil’s diameter. 
In assessing the domain’s stability, we measured an apparent Tm value of 51.5° C, with initial 
unfolding detected at ~45° C. While this apparent Tm exceeds yeast growth temperatures, it is 
lower than apparent Tm values for coiled coils of this length (Tm > 65° C)(44). We predict 
that the tryptophan-mediated helical flare underlies the domain’s relative lower thermo-
stability, and highlights the functional role this tryptophan dimerization interface likely plays 
in Stu2 cellular activity. The conserved nature of the CR I tryptophan and the structurally 
unique helical flare it causes suggests that this region may be a site for factor binding. While 
the Stu2CC structure is homodimeric, the W678-W678’ packing at CR I is locally asymmetric 
and suggests that binding factors engage it in a 1:2 factor:Stu2 stoichiometry. This contrasts 
with CR II, which spans an extensive 70 Å along the domain’s C-terminal half and exhibits 
2-fold regional symmetry. CR II contains the highest contiguous density of invariant residues 
and likely engages binding factors in a 2:2 factor:Stu2 stoichiometry.  
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 Although it has previously been shown that the entire coiled coil is required for 
functionality of this protein, this is the first time that roles separable from its ability to 
dimerize have been assessed. Structure based mutagenesis within CRI and CRII of STU2 
have unveiled critical roles of the cc in mitosis apart from its role in dimerization. 
Specifically, we have shown that disruption of either domain results in cold and benomyl 
sensitivity. Although bulk growth assays showed similar behavior for each of these mutants, 
further analysis in localization, anaphase spindle morphology, and metaphase spindle size 
show intriguing differences. CRII mutagenesis leads to a more penetrant phenotype in 
disruption of STU2 localization to the spindle. When completing our spindle position assay, 
we observed a significant increase in the number of non-anaphase spindles in the CRII 
mutant (WT: 4/99, CRI:27/123, CRII:73/158 data not shown) even when the daughter bud 
was growing to abnormally large size. These data indicate that CRII plays a role in creating a 
stable spindle structure or in the proper elongation of the spindle structure. 
 
It is interesting to note that STU2 CRI and CRII microtubule spindle structures are 
altered even at 32 degrees. This indicates that the dynamics of the microtubules, not the 
absolute structure of the spindles is underlying the benomyl and cold sensitivity. Each of the 
regions is contributing to regulation of the spindle structure, but the emergent sensitivity 
must be related to microtubule dynamics. Therefore, these regions in STU2 must be relaying 
dynamic information either directly on microtubules or via other binding partners that 
interact with the microtubule cytoskeleton. Since STU2 is required for kMT dynamics, and is 
poised at a spatially distinct region at the plus ends of the microtubule, it may be relaying 
central information in attachment status of the kinetochores. With this in mind, it is 
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interesting to note that many proteins that contain elongated coiled coils are important in load 
bearing proteins (myosins and tropomyosin) and in proteins that sense tension (NDC80).  
Rapid signal transmission via stretch in the cc region of Stu2 could provide readout for 
proper attachments at the yeast kinetochore.  
 
Materials and Methods 
 
Cloning, expression, and purification of the Stu2 dimerization domain  
Stu2 DNA encoding residues 655-760 (Stu2CC) was cloned from S. cerevisiae 
genomic DNA into pET28 (Novagen, EMD Millipore, Billerica, MA) yielding an N-
terminal, thrombin-cleavable H6 tag. H6-Stu2CC was expressed in BL21 DE3 (pLysS) E. coli 
and induced using 0.1 mM isopropyl-1-thio-β-D-galactopyranoside at 18 °C for 16 hours. 
Cells were harvested, resuspended in lysis buffer (25 mM Tris pH 8.0, 300 mM sodium 
chloride, 10 mM imidazole, 0.1% β-mercaptoethanol (β-ME)) and lysed by sonication. After 
lysis, phenylmethlysulfonyl fluoride was added to a final concentration of 1 mM. Lysate was 
clarified by centrifugation at 23,000 x g and the supernatant loaded onto a Ni2+-NTA 
(Qiagen, Venlo, Netherlands) column. H6-Stu2CC was eluted using a 250 ml 10-300 mM 
imidazole gradient. Eluted protein was pooled, calcium chloride was added to 1 mM final 
concentration, and 0.125 mg bovine α-thrombin was added to cleave the N-terminal H6 tag. 
Stu2CC was filtered over 1 ml benzamidine sepharose (GE Healthcare, Marlborough, MA), 
exchanged into 25 mM Tris pH 8.0, 0.1% β-ME using a Millipore Ultrafree 3k molecular 
weight cut-off concentrator, and loaded onto a Q Sepharose Fast Flow column (GE 
Healthcare). Stu2CC was eluted using a 0-1M sodium chloride gradient over a 250 ml volume. 
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Peak protein fractions were pooled, exchanged into storage buffer (25 mM Tris pH 8.0, 100 
mM sodium chloride, 0.1% β-ME), aliquoted, frozen in liquid nitrogen, and stored at -80 °C. 
The final Stu2CC domain contained an N-terminal cloning artifact, residues: GSHM. 
Selenomethionine (SeMet)-substituted Stu2CC was produced in B834 E. coli as described 
previously (Leahy et al., 1994) and purified as described above for the native construct. 
 
Size exclusion chromatography – multi angle light scattering  
A 100 μl sample of 45 μM Stu2CC was injected onto a Superdex 200 10/300 GL gel 
filtration column (GE Healthcare) in 25 mM Hepes pH 7.5, 300 mM sodium chloride, 0.1% 
β-ME, 0.2 g/L sodium azide and run in-line with a Wyatt DAWN HELIOS II light scattering 
instrument and a Wyatt Optilab T-rEX refractometer (Wyatt Technology Corp., Goleta, CA). 
Molecular weight was calculated with light scattering and refractive index data using the 
Wyatt Astra V software package (Wyatt Technology Corp.)(Wyatt, 1993). 
 
Circular Dichrosism 
Circular dichroism (CD) spectra of Stu2CC WT and mutant constructs were collected 
at room temperature (23°C) using a Chirascan-plus CD spectrometer (Applied Photophysics, 
Leatherhead, UK). Stu2CC constructs were diluted to a final concentration of 0.15 mg/ml in 
10 mM sodium phosphate buffer (pH 7.5), 50 mM sodium fluoride. Spectra were recorded 
from 260 to 185 nm with a step size of 0.5 nm using a 1 mm path-length cuvette. The time 
per point was kept at 1.25 seconds. A base-line CD spectrum of the buffer alone was taken 
and subtracted from each Stu2CC spectrum. Spectra were smoothed in the Chirascan-plus 
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software. CD melt spectra were obtained, monitoring 208 and 220 nm in 1°C steps from 20 
to 94°C, with the time per point maintained at 1.25 seconds. 
 
Crystallization 
Stu2 crystals were obtained by hanging drop vapor diffusion using 2 μl of purified 
SeMet-substituted Stu2CC (20 mg/ml stock) and 2 μl of the 1 ml well solution: 13% 
polyethylene glycol 8000, 200 mM magnesium acetate, 100 mM sodium cacodylate pH 5.75. 
Crystals grew at 20 °C into thin, individual needles over a one-week period. Crystals were 
transferred into paratone-N and flash frozen in liquid nitrogen.  
 
Diffraction data collection, structure determination, and refinement 
Diffraction data were collected on a single SeMet-Stu2CC crystal at the Advanced 
Light Source beamline 8.3.1 at 100 K with 1° oscillations over 360° from a single crystal. 
Data were indexed, integrated and scaled using HKL2000 (Otwinowski and Minor, 1997). 
The structure was determined using the AutoSol program (PHENIX crystallographic 
suite)(Adams et al., 2010). Ten selenium sites were identified in the heavy atom search in 
space group P21, accounting for the ten ordered SeMet residues in the asymmetric unit. The 
model was built using AutoBuild (PHENIX)(Adams et al., 2010) and refined iteratively 
through manual builds in Coot (Emsley et al., 2010) followed by refinement runs using 
phenix.refine (PHENIX)(Adams et al., 2010). Refinement statistics were monitored using a 
Rfree, calculated using 10% of the data, randomly excluded from refinement (Brünger, 1992). 
Initial refinement runs utilized a maximum-likelihood Hendrickson Lattman target function 
and the final refinement runs utilized a maximum likelihood target function. The final model 
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includes two Stu2 chains (chain A: residues 657-755; chain B: residues 658-755) and 18 
water molecules. Crystallographic data and refinement statistics are presented in 
Supplemental Table S1. Atomic coordinates for the Stu2CC structure have been deposited to 
the PDB under accession code XXXX(to be deposited). 
 
Generation of Stu2-yeast targeting plasmids   
A DNA fragment of Stu2 corresponding to residues 357-888 was amplified from 
wild-type genomic DNA using a forward primer flanked with a BamHI site and a reverse 
primer flanked with a HindIII site. The PCR product was digested with BamHI and HindIII 
and cloned into a pFA6-13xmyc-NAT vector yielding a targeting plasmid with Stu2-357-
888::13x-myc-NAT. Within the targeting vector, specific point mutations (W678L or R725E, 
S725A) were introduced using site-directed mutagenesis and verified by sequencing. Primers 
to amplify and target the engineered STU2 sequence to the endogenous locus were designed 
using homology-flanking arms of sequence just upstream of Stu2 residue 357 and just 
downstream of the STU2 STOP codon. A similar protocol was used to generate stu2 strains 
with a C-terminal GFP tag and HIS selection. Western blot analysis was used to confirm 
normal expression levels of Stu2 in the WT and mutant STU2-13x-myc strains generated. 
 
Generation of Stu2-yeast strains   
All strains in this study use YEF473A as the parental strain. PCR product with 
homology arms was gel extracted and transformed into competent WT yeast cells. NAT- or 
HIS-positive isolates were screened using a forward primer 401 bp upstream and a reverse 
primer 499 bp downstream of the STU2 coding sequence. Isolates containing the integration 
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at the genomic locus were confirmed by PCR. Two positive isolates from each desired 
background (WT-STU2-13x-myc, STU2-W678L-13x-myc, STU2-R725E-S725A-13x-myc, WT-
STU2-GFP, STU2-W678L-GFP, and STU2-R725E-S725A-GFP) were chosen to move 
forward with functional analyses. PCR product amplified off of genomic DNA was sent for 
sequencing to verify introduction of the desired mutation(s). To visualize spindles, 
pRS305:MET3p::mCherry::TUB1 (a gift from Wei-Lih Lee) was digested with HindIII and 
transformed into the stu2-13x-myc strains (Markus et al., 2009). Strains were screened using 
fluorescence microscopy to confirm integration of the plasmid (Markus et al., 2009). To 
determine Stu2 localization relative to the spindle pole body, we generated stu2-GFP strains 
with Spc29 (a spindle pole body component) tagged with RFP using a PCR cassette 
(Longtine et al., 1998). Yeast strains used and generated in this study are presented in 
Supplemental Table S2. 
 
Growth curves of yeast and benomyl sensitivity (liquid culture) 
Yeast strains were diluted into either YPD or YPD + 10 μg/ml benomyl to an OD660 
of 0.1 from an overnight culture. These cultures were placed at 32 °C, shaking at 250 rpm. 
The OD660 was measured every 1-2 hours. Cell culture density over time was plotted in 
Sigma Plot (Systat Software, San Jose, CA). 
 
Yeast plate growth assays 
Ten-fold serial dilutions of overnight yeast cultures were pronged onto plates 
containing 0 and 10 μg/ml benomyl. Two replicate plates were put at 18, 32, and 40 °C. Cells 
		 86
were allowed to grow on plates for 3-5 days. Each plate was scanned on day 3 and day 5. 
Images shown in Fig 3.3A are after 5 days. 
 
 
Western blot analysis of Stu2-13x-myc   
Yeast cells from the final lag phase of the growth curve assay were spun down at the 
24 hour time point and cell pellets placed at -20 °C. Cells were lysed by alternating two 
minutes in a dry ice-ethanol bath and one minute in boiling water (three cycles). Samples 
were loaded and run on a 4-15% polyacrylamide gradient gel and then transferred to 
nitrocellulose. The nitrocellulose was then blocked in PBST + 5% milk overnight. The blot 
was probed with rabbit α myc primary antibody (1:1000 dilution) overnight and α rabbit-
HRP secondary antibody (1:7500 dilution).   
 
Imaging  
All strains were imaged on a Nikon TE-2000E (Nikon Instruments, Melville, NY) 
inverted microscope with a 1.43 NA, 100X Plan-Apo objective controlled by Metamorph 
software (Molecular Devices, Sunnyvale, CA). Cells were grown shaking in liquid culture in 
log phase at 32 °C. One hour prior to imaging, cells were either maintained at 32 °C or 
shifted to 18 °C.  
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SUPPLEMENTAL MATERIAL 
 
 
TABLES 
 
TABLE S3.1. Crystallographic Data and Refinement Statistics 
Parentheses list statistics for the high-resolution shell. 
 
Data Collection 
Wavelength (Å) 0.97921 
Space Group P21 
Cell: a, b, c (Å); β (°) 57.3, 30.1, 72.9; 102.1 
Resolution (Å) 50-2.5 (2.59-2.50) 
# Reflections: measured/unique 16553 (1530) / 4474 (567) 
Completeness (%) 99.0 (92.4) 
Mean redundancy 3.7 (2.7) 
<I/σI> 18.3 (2.3) 
Rsyma 0.067 (0.413) 
Phasing 
Selenium Sites Found 10 
Figure of Merit (Acentric/Centric/Total) 0.385 / 0.124 / 0.352 
Refinement 
Resolution (Å) 50-2.5 (2.66-2.50) 
Rb/Rfreec (%) 25.9 (26.6) / 29.9 (36.4) 
# Reflections, R/Rfree 8376 / 834 
Total atoms: protein/water 1692 / 18 
Stereochemical ideality (rmsd): bonds/angles (Å/°) 0.006 / 0.720 
Mean B-factors (Å2): overall/protein/water 41.8 / 41.8 / 39.3 
Ramachandran analysis: favored/allowed (%) 100 / 0 
 
a Rsym = ΣhΣi|Ii(h) - <I(h)>|/ΣhΣiIi(h), where Ii(h) is the ith measurement and <I(h)> is the 
mean of all measurements of I(h) for the Miller indices h.  
b R = Σ(|Fobs| - k|Fcalc|)/Σ|Fobs|. 
c Rfree was calculated using a 10% subset of the data that was removed randomly from the 
original data and excluded from refinement. 
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TABLE S3.2. S. cerevisiae strains used in this study 
 
Strain Genotype Source 
YEF473A MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 
 
(Pringle) 
KP01 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
13x-myc-NAT 
This study 
 
KP03 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
W678L-13x-myc-NAT 
This study 
KP05 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
R725E- S726A-13x-myc-NAT 
This study 
KP07 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
13x-myc-NAT TUB1::MET3p-mCherry-TUB1::LEU2 
This study 
KP09 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
W678L-13x-myc-NAT TUB1::MET3p-mCherry-
TUB1::LEU2 
This study 
KP11 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
R725E- S726A-13x-myc-NAT TUB1::MET3p-mCherry-
TUB1::LEU2 
This study 
KP13 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
WT-GFP:HIS 
This study 
KP14 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
W678L-GFP:HIS 
This study 
KP15 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
R725E- S726A-GFP:HIS 
This study 
KP16 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
WT-GFP:HIS Spc29-RFP:Hb 
This study 
KP17 
 
MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
W678L-GFP:HIS Spc29-RFP:Hb 
This study 
KP18 MATa trp1-∆63 leu2-∆1 ura3-52 his3-∆200 lys2-801 STU2-
R725E- S726A-GFP:HIS Spc29-RFP:Hb 
This study 
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CHAPTER 4: REGULATION OF DROSOPHILA PERICENTRIN-LIKE-PROTEIN 
AT THE CENTROSOME 
 
 
 
Summary 
 PCM recruitment as cells enter mitosis is critical for centrosome function in 
nucleating microtubules to form the bipolar spindle. PLP, a scaffolding molecule at the 
centrosome, is important for recruiting and organizing PCM. Thus, understanding how PLP 
is regulated in its ability to localize the centrosome and recruit PCM is of great interest. Here 
we show that the interaction of PLP’s C-terminal PACT domain with CaM is important for 
overall protein stability and is important for PLP’s proper anchoring at the centrosome. 
Further, we reveal a structural change within PLP that occurs as cells enter mitosis, 
concurrent with PCM recruitment. This work begins to suggests a model for autoinhibitory 
regulation of PLP that is released upon Polo phosphorylation of PLP as cells enter mitosis. 
 
Introduction 
	
Centrosomes are the main microtubule-organizing center (MTOC) within the cell 
(Gould and Borisy, 1977; Kellogg et al, 1994). Structurally, centrosomes consist of a central 
pair of centrioles surrounded by a network of organized pericentriolar material (PCM). 
During interphase the polarized microtubule network emanating from the centrosome is 
important for cell migration, cell polarity, intracellular trafficking and signaling. Centrosome 
maturation, a massive expansion of PCM leading into mitosis, triggers a rearrangement of 
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microtubules into a bipolar spindle competent for segregating chromosomes (Doxsey 
et al., 2005). Proteins responsible for the structural rearrangement and expansion of PCM 
have been implicated, but how these proteins mechanistically drive centrosome maturation 
remains poorly understood.  
 
Any mis-step in centrosome maturation can have deleterious consequences at a 
cellular and organismal level. Numerous studies have demonstrated that mutations within 
centrosome proteins lead to developmental and pathological conditions including primordial 
dwarfism, microcephaly, and cancer (Nigg and Raff, 2009; Bettencourt-Dias et al., 2011; 
Nigg et al., 2014). One protein of immense interest is the centrosomal protein, Pericentrin. 
Patients with mutations in Pericentrin exhibit severe developmental defects including 
dwarfism and microcephaly (Anitha et al., 2008; Jackson et al., 2008; Rauch et al., 2008; 
Delaval and Doxsey et al., 2010; Willems et al., 2010). Understanding how Pericentrin is 
regulated at a cellular level will provide insight into how disrupting a single centrosomal 
component, critical for PCM maturation, can result in such severe phenotypes. 
 
 Pericentrin is a large coiled-coil protein important in forming a structural scaffold for 
the recruitment and regulation of pericentriolar material (PCM) (Doxsey et al., 1994; 
Takahashi et al., 2002; Haren et al., 2009; Matsuo et al., 2010). Despite Pericentrin being one 
of the most well studied centrosome proteins, remarkably little is known about how it is 
regulated. A long standing question that remains in the field is how Pericentrin is regulated 
before and after incorporation into the centrosome. The C-terminus of Pericentrin contains a 
conserved region, Pericentrin and AKAP450 Centrosome Targeting domain (PACT) that 
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robustly targets to centrosomes (Gillinham and Munro, 2000; Martinez-Campos et al., 2004). 
The prevailing model in the field is that this PACT domain anchors Pericentrin to the 
centriole wall. Within the PACT domain there are two highly conserved stretches that 
contain Calmodulin (CaM) binding consensus sequences (Gillingham and Munro, 2000; 
Galletta et al., 2014). Previous studies have shown that Calmodulin binds to Pericentrin in 
the PACT domain (Flory et al., 2000; Gillinham and Munro, 2000; Kawaguchi and Zheng, 
2004; Galletta et al., 2014). Calmodulin is a promiscuous protein in the cell that regulates 
activity of many proteins. Therefore, it is an appealing hypothesis that Calmodulin plays a 
regulatory role in modulating Pericentrin activity.  
 
Once at the centrosome, Pericentrin serves as a scaffold to organize PCM. How its 
ability to recruit and organize PCM is restricted to mitosis is unclear. Recent work has shown 
that there are multiple binding sites for centriole and PCM components along Pericentrin 
(Galletta et al., 2016). These interactions may serve to regulate its ability to recruit and 
organize PCM. 
 
Drosophila melanogaster provides a genetically tractable system in which to study 
the homologue of Pericentrin, Pericentrin-like protein (PLP). This essential scaffolding 
protein is required to organize PCM at the centrosome (Dictenberg et al., 1998; Takahashi et 
al., 2002; Zimmerman et al., 2004; Lerit and Rusan 2013; Lerit et al., 2015). Previous work 
in the lab has focused on its C-terminal domain. That work demonstrated tissue specific roles 
of the C-terminal PACT domain. Those studies demonstrated a functional interaction 
between PACT and Calmodulin (CaM) that is important for targeting PLP to the centrosome 
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and for structural organization of PCM at the centrosome (Galletta et al., 2014). On the 
cellular level, without PLP-CaM binding, PCM components are less organized, reminiscent 
of complete loss of PLP (Galletta et al., 2014). Ultimately loss of this PACT-CaM interaction 
leads to lethality for the organism. It is important to understand why the PACT domain is so 
crucial for organism function. To address this, this work explores how the PACT domain and 
other regions of PLP contribute to PLP protein stability, centrosome localization, and 
regulation of PLP mediated PCM recruitment. The most recent work provides intriguing 
insights into potential regulatory mechanisms of PLP.  
 
Results 
	
	
PLP PACT domain is highly conserved and is stabilized by its interaction with CaM 
The PACT domain has long been known to target PLP to the centrosome. However, 
many of the PACT domain’s centrosome interaction partners are unknown. Additionally 
there is little known about its biochemical behavior, likely because it is insoluble when 
purified in vitro. Recent work in the lab demonstrated that the interaction with CaM is 
essential for full length PLP function in vivo (Galletta et al., 2014). This interaction between 
PACT and CaM may function to regulate the targeting of PLP to the centrosome. To 
determine the minimal module within the PACT domain required for centrosome targeting, 
N and C terminal truncations were made (Fig 4.1A). The resulting 110 amino acid minimal 
PACT fragment encompasses the two most highly conserved stretches within the C-terminus 
(Fig 4.1B). To determine the contributions of these conserved stretches, this minimal 
targeting module was sub-divided into two halves, each containing one of the conserved 
stretches. It was observed that the first region is able to interact with a known centriole 
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protein, Asl, whereas the second half is able to robustly interact with CaM by yeast two-
hybrid (Y2H, Galletta unpublished data, Fig 4.1A). With a narrowed CaM-PLP interaction 
region, a peptide corresponding to this region was synthesized to further test the ability of 
this second region to interact with CaM (Fig 4.1B, gray line). Isothermal titration calorimetry 
was performed to test binding of this PACT-peptide to CaM (Fig 4.1C). A KD of 
1.8M±3.87M with a 1:1 binding was observed in the absence of calcium. This low 
affinity was surprising, given that the PACT domain is soluble when co-purified with CaM 
(Fig 4.1D), but may be accounted for several reasons. First, the synthesized peptide may not 
cover all residues required for a high affinity interaction. Further, the first stretch of 
conserved residues in the PACT domain is also a predicted (presumably lower affinity) CaM 
binding site that may function cooperatively with the second site, enhancing the PACT-CAM 
interaction. 
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Figure 4.1 PLP C-terminal PACT domain interacts with calmodulin. (A) Schematic of 
PLP C-terminal constructs used for yeast two hybrid. Grey represents predicted conserved 
calmodulin binding regions. Yeast two hybrid reveals that the second predicted calmodulin 
binding site in PLP is able to interact with calmodulin. (B) Alignment of the most conserved 
C-terminal PACT domain. Residues in green are identical across 80% of the alignment. 
Residues in yellow are conserved across 80% of the alignment. There are two highly 
conserved stretches in the c-terminus. The first conserved region was able to interact with 
Asterless by Y2H. The second half was able to interact with calmodulin by Y2H. A peptide 
of this second conserved region was synthesized. The purple line over the alignment 
indicates those synthesized residues. (C) Isothermal titration calorimetry with calmodulin and 
the PLP peptide show weak binding in the absence of calcium. (D) The PACT domain of 
PLP is soluble when co-purified with calmodulin. 
Co-purifying PACT with CaM was important for keeping the PACT domain in 
solution in vitro. It was unknown if this same stabilization occurs in vivo. To test this several 
approaches were taken. PACT-CaM binding mutants were transfected into S2 cells. These 
mutants were previous characterized in Galletta et al. 2014. Thus, nomenclature was 
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preserved from this previous characterization. Mutants are referred to as 2IQ and 2KR. 
PACT domains defective in their ability to interact with CaM are less stable as compared to 
WT control (Fig 4.2A). This loss of stability is likely due to protein degradation. 
Accordingly, protein levels of PACT-CaM binding mutants can be partially rescued when the 
proteasome is inhibited with MG132 (Fig 4.2B). Further, knocking down calmodulin 
decreases detectable endogenous full length PLP to similar levels as a PLP knockdown. This 
destabilization of PLP is specific, as protein levels of other centrosome components remain 
unchanged (Fig 4.2C). The decrease in PLP protein level is not due to decreased transcript 
level, as qPCR of PLP shows no difference in transcript level between control and CaM 
knockdown (Fig 4.2D).  
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Figure 4.2 Calmodulin stabilizes PLP. (A) PLP C-terminal (F5) constructs were transfected 
into S2 cells. WT PLPF5 is stable in cells. Introducing mutations into the CaM binding site 
of PLP (2KR and 2IQ mutants from Galletta et al., 2014) destabilizes this region. GFP-Asl 
serves as a transfection control for each of the samples. (B) PLP-CaM binding mutants are 
less stable at the protein level. Treating cells with proteasome inhibitor (MG132) increases 
the amount of protein in the PLP-CaM binding mutants. DM1 was used as a loading 
control. (C) CaM stabilizes endogenous PLP. Blot of endogenous PLP shows that knocking 
down PLP by dsRNA or CaM by dsRNA completely destabilizes PLP protein. Two other 
centrosome proteins did not show similar trends (Asterless and Centrosomin are stable 
regardless of PLP of CaM levels). (D) Transcript levels of PLP, CNN, and Asl remain 
unchanged in CaM knockdown. 
 
PLP-PACT-CaM interaction is important for tethering PLP to the centrosome 
 To examine if the PACT-CaM interaction has a regulatory function beyond 
stabilization of PLP, GFP fusion constructs of PLP were analyzed in Drosophila 
spermatocytes. Ablation of the PACT-CaM interaction phenocopies a full PACT domain 
deletion in terms of its localization. In both cases, PLP remains localized to the centrosome, 
however its localization is shifted away from the centriole wall (Fig 4.3A and B). This shift 
in localization could be caused by lowered anchoring capacity to the centriole wall, or 
decreased binding affinity with other centriole components. When comparing centrosomes in 
meiosis I and meiosis II, PLP shifted further away from the centriole wall from meiosis I to 
meiosis II upon deletion of the PACT domain or ablation of the PACT-CaM interaction (Fig 
4.3B). This further round of cell division, with PLP involved in organizing PCM and MTs, 
may result in dislodging of PLP with a compromised PACT domain. This observation 
supports the hypothesis that anchoring capacity is lowered. 
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Figure 4.3 PLP-PACT domain is important for compact centriole localization. (A) GFP 
tagged PLP constructs in Drosophila spermatocytes are shown in green, with Asterless in red 
marking the centriole. Wild type PLP is on the far left, deletion of the entire PACT domain 
(5) is in the center panel, and the PACT-CaM binding mutant is in the left panel. The top 
panels are paired centrioles (pre meiosis I) and the bottom panels are singlet centrioles (pre 
meiosis II).  (B) Quantification of PLP distribution across the centriole is shown. Full width 
half maximum and peak-to-peak measurements show that PLP-PACT integrity is important 
for tight centriole localization. On the left are measurements for paired centrioles and on the 
right are measurements for singlet centrioles. 
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Figure 4.4 PLP levels at the centrosome are unaltered between interphase and mitosis. 
(A) Examples of centrosomes in interphase and mitosis. PLP-C-terminus is in green, PLP-N-
terminus is in red, and CNN is in blue. CNN marks mitotic centrosomes and is absent in 
interphase. Scale bar is 1 M (B) Quantification of PLP-N-terminal levels at the centrosome 
between interphase and mitosis shows no significant difference. [Interphase mean 206127 
A.U. (n=29), mitotic mean 206714 A.U. (n=34), P value .4234] 
PLP scaffolding capacity at the centrosome during mitosis does not rely on increased PLP 
levels 
PLP must be anchored at the centrosome by its C-terminal PACT domain in order to 
properly recruit and organize PCM (Galletta et al., 2014). Once at the centrosome, PLP’s 
ability to recruit and organize PCM is regulated, as PCM recruitment is low in interphase and 
high in mitosis. However, it is unclear how PLP regulates PCM incorporation and 
organization at the centrosome. Understanding how PLP functions as a molecular switch to 
promote PCM recruitment is of great interest. PLP levels are unchanged between interphase 
and mitosis, so increase in PCM is not simply because there is more PLP at the centrosome 
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(Fig 4.4A and B). Therefore, a more complex mechanism must be in place at the centrosome 
to regulate PLP’s ability to recruit and organize PCM.  
The N-terminal region of PLP prevents precocious polymerization of PLP 
To determine which regions of PLP are required for recruitment and organization of 
PLP, truncation analysis was performed (Fig 4.5A). For this analysis, the C-terminal PACT 
domain was invariably kept intact to support PLP anchoring at the centriole wall. Expression 
of GFP tagged PLP N-terminal deletions in Drosophila S2 cells shows robust localization to 
the centrosome (Fig 4.5B). However, large cytoplasmic aggregates unassociated with 
centrioles are observed. Deleting the first 583 amino acids (PLP1) results in a gain of 
function interaction with MTs and yields cytoplasmic aggregates not associated with 
centrosomes (Fig 4.5B and Fig 4.6A and B). Small clusters of this PLP1 traffic bi-
directionally on MTs. A slightly larger deletion, PLP12, causes an even more striking 
cellular phenotype. Clusters of PLP12 (outside of the centrosome) are able to organize MTs 
in interphase (Fig 4.5B). Normally S2 centrosomes are inactive in interphase and do not 
organize MTs. Deleting the N-term of PLP may result in constitutive activation of PLP-
dependent PCM recruitment, suggesting that the PLP N-terminal region may play an 
autoinhibitory role. A further deletion, PLP1234, does not display this same striking ability 
to organize MTs potentially because a domain necessary for PCM recruitment has been 
deleted (Fig 4.5B). 
   
 
		 104
 
Figure 4.5. PLP N-terminal deletions allow PLP to cluster along MTs. (A) Schematic C-
terminally tagged PLP-GFP constructs transfected into Drosophila S2. A series of N-terminal 
truncations and internal deletions were made. B and C. Images of transfected Drosophila S2 
cells. Transfected construct is listed above image. Top panel is a merge of the middle panel 
(SirTubulin) and bottom panel (PLP-GFP construct). (B) N-terminal truncations. Full length 
PLP localizes to centrosomes in mitosis. N-terminal truncations alter PLP localization. 
PLP1 localizes along MTs. PLP PLP12 clusters organize MTs in interphase. PLP1234 is 
only centrosome localized.  
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Figure 4.6 PLP N-terminus is important for restricting PLP to the centrosome in 
interphase. (A) Neon-PLP-FL and Neon-PLP1 were transiently transfected into S2 cells. 
FL PLP is restricted to just centrosomes. PLP1 is found in aggregates along MTs and 
capping MT ends. (B) Time-lapse imaging of Neon-PLP-FL and Neon-PLP1. PLPFL is 
only found at centrosomes. Centrosomes traffic along MTs in interphase. PLP1 clusters at 
ends of MTs and traffics bi-directionally on MTs even in the absence of centrioles. 
 
 
PLP N-terminus undergoes a large shift away from the centriole wall as cells transition from 
interphase to mitosis. 
The N-terminus of PLP inhibits its ability to act as a MTOC in Drosophila S2 cells. 
Intriguingly, a self-interaction between the N and C-terminus of PLP was uncovered by Y2H 
(Galletta et al., 2016). A simple model is that the N-terminus interacts with the C-terminus in 
interphase, and upon entry into mitosis, the N-terminus is released, exposing binding PCM 
binding sites along its length. Moving forward, it will be crucial to determine what, if any, 
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PCM components are recruited when N-terminal deletions are made and if PLP-N-terminus 
undergoes structural rearrangement as cells enter mitosis.  
All expression of PLP constructs was initially completed above endogenous PLP in 
S2 cells. To more specifically understand how these deletions effect PCM organization at the 
centrosome, endogenous PLP must be depleted. However, although a six-day knockdown of 
PLP looks complete by western blot analysis (Fig 4.2C), immunofluorescence reveals PLP 
stably incorporated into some centrosomes (data not shown). This residual PLP in cells 
precludes proper analysis of knockdown and rescue experiments. Moving into the organism 
where a full null background can be utilized will be critical. An ideal system in Drosophila to 
study numerous interphase and mitotic cells is the developing wing disc.  
Moving studies into the wing disc required characterizing this system as a new model 
for studying centrosomes. The developing wing disc has a high mitotic index allowing rapid 
analysis of many interphase and mitotic cells. Additionally, the flat morphology of this tissue 
is ideal for high resolution imaging in dissected tissue. The N-terminal structural 
rearrangement of PLP hypothesis was tested using super-resolution fluorescence microscopy.  
Initial characterization of PLP distribution between interphase and mitosis confirmed PLP’s 
extended conformation at the centrosome as seen in cultured cells (Fu and Glover, 2012; 
Lawo et al., 2012; Mennella 2012). The C-terminus is proximal to the centriole wall while 
the N-terminus extends out into the PCM. Using super-resolution Structured Illumination 
Microscopy (SIM) this distinct distribution of the N and C-termini is very clear (Fig 4.7A). 
Upon close examination of the diametrical distribution of PLP N and C-termini, it becomes 
clear that the N-terminus is specifically shifted further into the PCM and away from the 
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centriole wall as cells enter mitosis (Fig 4.7C). This is in contrast to the C-terminus that 
remains tightly anchored at the centriole wall. This significant 40 nm shift in the outer 
diameter distribution of PLP-N-terminus likely indicates a structural rearrangement of PLP at 
the centrosome as cells enter mitosis (Fig 4.7C).  
This observed shift in the N-terminus of PLP as cells enter mitosis coincides with 
massive recruitment of PCM. As PLP is essential for PCM organization, this N-terminal 
structural rearrangement may expose PCM binding sites along PLP. These data in 
conjunction with promiscuous activation of centrosomes in PLP N-terminal truncations in S2 
cell indicate the N-terminus plays a role in inhibiting full length PLP. Further, a self-
interaction between the N and C-terminus of PLP was uncovered by Y2H (Galletta et al., 
2016). The model is that this self-interaction of the N and C termini of PLP serves as an auto-
inhibitory interaction in interphase and is released as cells enter mitosis. There should be a 
trigger that releases an otherwise constrained N-terminal region, potential via release of a 
intramolecular N- C-terminal region interaction. However, the mechanism that triggers this 
conformational change within PLP is unclear.  
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Figure 4.7 PLP N-terminus extends from the centriole wall in mitosis. (A) Example 
Structure Illumination (SIM) images of centrosomes in interphase and mitosis. PLP-C is in 
magenta, PLP-N is in cyan and CNN is in red. CNN marks mitotic centrosomes. (B) Line 
scan across a centrosome. PLP is a ring, thus a line scan across the centrosome give two 
distinct peaks. This line scan is fit to a double Gaussian, and the peak measurements, and the 
inner and outer diameters can be determined at full width half-maximum. (C) Distribution of 
peak-to-peak, inner and outer diameter measurements for PLP N and C termini in interphase 
and mitosis. PLP C-terminal distribution is unaltered between interphase and mitosis. The 
PLP N-terminal diameter increases in mitosis. 
 
Polo phosphorylates PLP in vitro and in vivo  
	
Conformational changes in proteins are often triggered by post-translational 
modifications such as phosphorylation. Polo kinase has previously been shown to 
phosphorylate mammalian Pericentrin (Lee and Rhee, 2011; Kim et al., 2015). Additionally, 
Polo is essential for the recruitment of PCM as centrosomes enter mitosis (Haren et al., 2009; 
Lee and Rhee, 2011). It is unknown if Polo kinase phosphorylates Drosophila PLP and if this 
phosphorylation event triggers a conformational change within PLP. To test if Polo could 
directly phosphorylate Drosophila PLP, in vitro phosphorylation with purified components 
was completed in collaboration with Greg Rogers lab at the University of Arizona and in vivo 
phosphorylation was completed in S2 cells. Polo kinase highly phosphorylates the N-terminal 
purified fragments of PLP in vitro (Fig 4.8A). To identify phospho-sites in vivo, S2 cells 
were co-transfected with Neon-tagged PLP fragments and either wild-type Polo or Polo 
kinase dead (KD). The Neon tag was used to affinity purify overexpressed PLP fragments 
(Fig 4.8B). In vitro and in vivo PLP fragments were then subjected to mass spectrometry to 
identify phosphorylated residues. A number of residues within the N-terminal regions of PLP 
were specifically phosphorylated by polo kinase (Fig 4.8C).  
		 110
Figure 4.8. Polo kinase heavily phosphorylates PLP N-terminus. (A) Autorad gel from in 
vitro Polo kinase phosphorylation of PLP fragments (generated in Greg Rogers lab). Polo 
highly phosphorylates the N-terminal fragments of PLP. PLP fragments from this in vitro 
polo kinase assay were then sent for mass spectrometry analysis at the NHLBI Mass 
Spectrometry core facility. (B) Commassie stained gel of IPs of Neon tagged PLP Fragment 
2 from S2 cells that were either co-expressed with Polo wild type (WT) or Polo kinase dead 
(KD). These bands were cut and sent for mass spectrometry analysis. (C) Polo 
phosphorylates PLP in the N-terminus. Clusters of polo phosphorylated residues identified by 
mass spectrometry are indicated in boxes. Residues numbers flank the sequence. Residues in 
red were phosphorylated. The number above or below the red residue indicates the number of 
times the phosphorylated peptide was identified by mass spec. Mapped below PLP are the 
regions within the N and C termini of PLP that interact with one another.  
 
Polo inhibition decreases PLP N-C distance in interphase S2 cells 
Although Polo is able to phosphorylate PLP’s N-terminus, it is still unknown whether 
these phosphorylation events drive the observed structural rearrangement of PLP at the 
centrosome. If Polo kinase is inhibited, PLP may no longer undergo a structural 
rearrangement between interphase and mitosis. S2 cells were treated with a specific Polo 
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inhibitor, BI2536, to test this hypothesis. Although a full analysis of PLP at mitotic 
centrosomes has not been completed, preliminary work has yielded the interesting 
observation that Polo inhibition decreases the distance between PLP N and C-termini even in 
interphase as compared to control (Fig 4.9C). This suggests that PLP may be in a dynamic 
equilibrium between ‘open’ and ‘closed’ states. The overall percentage of PLP molecules 
may exist more in a ‘closed’ state in interphase and more ‘open’ in mitosis. Inhibition of Polo 
drives the distribution even further towards the ‘closed’ state. It will be interesting to 
continue this analysis in mitotic centrosomes between control and Polo inhibited cells. 
Further insight into how PLP auto inhibition is achieved will allow for more pointed 
experiments to uncover how PLP acts as a trigger to recruit and organize PCM. Specifically, 
determining the residues within PLP N and C termini that drive self-interactions will be 
central to understanding how this inhibition is released. 
 
Figure 4.9. Polo kinase activity is important for PLP N-C separation in interphase. (A) 
Schematic of full length PLP. The predicted distance of this molecule fully extended is 
approximately 110 nanometers. (B) Images from control and Polo inhibited interphase S2 
cells. PLP N term in on the far left, PLP C-term is in the center panel and the merge is in that 
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far right panel. (C) Quantification of the distance between PLP N and C term from S2 cells 
shown in B. Inhibition of polo decreases the distance between the N and C term of PLP by 
almost 30 nanometers. 
Generation of specific point mutant and deletions in PLP to test the model of N-C inhibition 
	
If the N-C interaction is indeed inhibitory to PLP’s ability to recruit PCM, disrupting 
this intra-molecular interaction could lead to a constitutively active molecule. To test this 
hypothesis, deletion of N-C interacting regions or creation of specific point mutants to 
disrupt the N and C terminal interaction in the context of PLP full length would be required. 
Previous work mapped a large interaction region between the N and C termini of PLP 
(Galletta et al., 2016). To narrow down a more precise interaction region within the N and C 
termini, a series of truncations were created. This led to minimal regions of 284 and 204 
amino acids for the N and C-termini, respectively (Fig 4.8C). Interestingly, a cluster of Polo 
phospho-sites on PLP lie on this PLP N-C interaction interface (Fig 4.8C). Another strategy 
to specifically disrupt the N-C interaction is to create targeted point mutations. Point mutants 
were screened through a reverse Y2H screen.  After introduction of mutations through low 
fidelity PCR, approximately 1000 N-term colonies were screened for a loss of interaction 
with the C-term of PLP. To test for specificity, colonies that lost interaction the PLP C-term 
were then tested against all known binding partners within the Y2H screen. Through this, a 
single point mutant was found that disrupted the interaction with PLP C-term and Sas-4, but 
retained interactions with all other centrosome components. Moving forward, these small 
deletions, point mutants uncovered by Y2H, and phospho-mimetic and phospho-mutants will 
be introduced into PLP to create transgenic flies. These transgenic constructs will be used to 
ask how this N-C interaction is regulated and contributes to PLP activity.  
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Conclusions and Future Directions 
 
 Centrosome composition is tightly regulated in concert with the cell cycle. Upon 
entry into mitosis, the MT nucleating capacity of the centrosome is greatly increased as the 
amount of PCM increases. It is well established that Pericentin plays a central role in 
organizing PCM at the centrosome, but how it performs this function is not clear (Doxsey et 
al., 1994). A detailed mechanism for how PLP recruits and organized PCM in a cell-cycle 
dependent manner is crucial to understanding the transition of centrosomes from interphase 
to mitosis. Comprehensive analysis of the scaffolding molecule PLP will elucidate a crucial 
step in cell-cycle dependent PCM regulation.  
 
Previous work demonstrated a critical role for PLP-CaM interaction within the 
organism (Galletta et al., 2014). Specifically how this interaction contributed to protein 
function was not clear. Here, this work shows that PLP protein is stabilized by its interaction 
with CaM as specific point mutants in the CaM binding site of PLP, or global knockdown of 
CaM, destabilized PLP. Further analysis reveals that the PLP-CaM interaction is important 
for anchoring PLP at the centriole wall as ablating this interaction phenocopies complete 
deletion of the C-terminal region.  Anchoring PLP to the centriole is important for 
organization of PCM, likely by anchoring itself and associated proteins to the centrosome. 
Which domains of PLP associate with PCM and direct PCM recruitment and organization are 
not fully characterized. Furthermore, how PLP functions to organize PCM in mitosis remains 
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unclear particularly since levels of PLP at the centrosome remain constant between 
interphase and mitosis.  
 
 A series of deletions in the N terminal region of PLP had no effect on its ability to 
localize to the centrosome. However, deletion of the N-terminus of PLP results in clusters of 
PLP and PCM away from the centriole that can be trafficked on MTs. Additionally, when the 
N-terminal deletion includes the proposed auto inhibitory region, PLP clusters are now able 
to organize MT networks in interphase. This suggests that PLP is now constitutively active 
and competent to recruit PCM to drive MT nucleation. This work completed in S2 cells is 
crucial to guide further studies in the organism.  
 
Future studies in the organism required developing a new model for studying 
centrosomes within the lab. Wing discs provided an ideal tissue for studying many interphase 
and mitotic cells in a tissue ideal for super-resolution microscopy. Using super-resolution 
imaging (structured illumination) in a developing Drosophila wing disc, it was observed that 
PLP-N-terminus undergoes a large (40nm) shift away from the centriole wall as cells enter 
mitosis. In contrast the C-term remains static at the centriole wall. This N-terminal extension 
may allow for multiple PCM proteins to bind along the length of PLP as cells enter mitosis. 
This conformational change may be triggered by polo kinase phosphorylation. Polo 
phosphorylation sites on PLP were mapped by mass spectrometry both in vitro and in vivo. 
Interestingly, a number of these phospho-sites lie in the N-terminus of PLP where a self-
interaction between PLP N and C-termini was mapped. The working model is that Polo 
relieves an inhibitory N-C interaction to open PLP in mitosis. In support of this model, 
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inhibition of Polo by the drug BI2536, decreases the distance between PLP N and C termini 
in interphase. Further work analyzing mitotic centrosomes is required to fully test this model.  
 
These Polo phospho-sites in PLP are currently being mutated, and mutant alleles of 
PLP that ablate its N-C interaction are being generated (Fig 4.10). With these new tools, the 
hypothesis that PLP N-C interaction is in fact inhibitory to PCM recruitment can be tested. 
Overall, this work reveals a structural rearrangement of PLP that appears to be required 
upstream of PCM organization. This novel finding could provide a crucial role for PLP in the 
mechanism of centrosome maturation essential for proper mitotic spindle formation, 
chromosome segregation and cell viability. 
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Figure 4.10. PLP-GFP constructs for creating transgenic flies. All flies have been 
generated except for PLPF2bs, PLPF5bs and the PLP point mutants (pt mut). These point 
mutants include the PLP N-C interacting mutant and the polo phosphomutants. 
 
Materials and Methods 
 
Isothermal Titration Calorimetry 
ITC was completed on a MicroCal AutoITC200 (GE Healthcare) in 10mM HEPES 
pH 7.5, 100mm NaCl. Buffer was supplemented with 2mM CaCl2, or 2mM EGTA for 
experiments with and without calcium respectively. Lyophilized peptide was solubilized in 
appropriate buffer (+ or – calcium) and desalted. Calmodulin concentration was 15mM in the 
cell with peptide concentration at 180mM injected into the cell. Peptide only control was 
injected to determine heat of dilution and was then subtracted from the experimental heats.  
PLP S2 Expression Constructs  
We used the Gateway cloning system (Life Technologies) to generate all PLP 
constructs. PLP fragments were PCR-amplified and cloned into pENTR/D, then shuttled into 
a pAWG, pAFHW, pUWG, or pNAW destination vector (Life Technologies). Mutations in 
Fragment 5 of PLP were generated using the Quikchange (Agilent Technologies) method 
using KOD-Xtreme hot start DNA polymerase. Cells were transfected using nucleofection 
transfection reagent (made in-house) and imaged 48-96 hours later. Drosophila S2 cells were 
passaged in SF900 media supplemented with Anti-Anti mix and imaged in Schneiders media 
(Gibco by LifeTechnologies, Grand Island, NY) supplemented with Anti-Anti.  
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PLP Knockdown 
Double-stranded RNA was made to a 5’UTR, Exon 3, Exon 8, and 3’UTR. (Primers 
used are in Table 1). Template was amplified from gDNA and then we used the T7 Ribomax 
in vitro transcription kit to produce double strand RNA (Promega) Each RNA was added at 
10 ug/mL in SF900 media. RNA was added to cells at day 0 after transfection and then 2 and 
4 days post-transfection. Cells were collected on Day6. 
 
Quantitative PCR 
S2 cells were resuspended in 500 µl Trizol. Samples were then treated with Turbo-
free DNase (Life Technologies). 1 μg RNA was used for cDNA synthesis using the iScript 
cDNA synthesis kit (Bio-Rad). A two-step amplification was performed on a Light Cycler 96 
(Roche) with iQ SYBR Green Supermix (Bio-Rad) and 1 µl cDNA.  
 
Preparing cells for imaging  
S2 cells were plated on concanavalin A-coated MatTek (Ashland, MA) dishes (for 
live cell imaging) or #1.5 coverslips (for fixed-cell imaging) and allowed to adhere for 30 
minutes. Samples to be fixed were washed in 1X phosphate-buffered saline (PBS) then fixed 
with -20°C 100% MeOH for 15 minutes. Samples were stained at room temperature with 
primary antibodies in PBS+5% NGS for 1 hour and with secondary antibodies in PBS+5% 
NGS for 30 minutes. Primary antibodies used were guinea pig anti-Asterless (1:30,000: G. 
Rogers, University of Arizona Cancer Center, University of Arizona, Tucson, AZ), -tubulin 
(1:500, clone DM1a; Sigma-Aldrich). Secondary antibodies were Alexa Fluor 568 or 647 
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(1:1000; Life Technologies). Coverslips were mounted using Aqua Poly/Mount 
(Polysciences, Inc., Warrington, PA) (17) or Vectashield for SIM imaging.  
 
Tissue preparation 
Wing discs were dissected from third instar larvae, immediately fixed in 0.3% PBST 
+ 9% PFA for 20 minutes, and then washed thoroughly with 0.3% PBST. Wing discs were 
incubated with primary antibodies overnight at 4deg C in 0.3% PBST+5% NGS (GP-Asl 
1:3000, GP-PLP 1:3000, Rb-PLP 1:3000, Rb CNN 1:3000, PH3 1:1000, Rb-aPKC 1:1000, 
M--Tub 1:500 as labeled).  Samples were washed 3x10 minutes in 0.3% PBST.  Secondary 
antibodies of conjugated fluorophores were all used at 1:500, while DAPI was used at 
1:1000. Samples were incubated with secondary for 4 hours at room temperature and then 
washed 3X 10 minutes with 0.3% PBST.  Wing discs were then mounted on glass slides with 
VectaShield and sealed using nail polish. 
 
Image Acquisition 
Confocal imaging was performed on a Nikon Ti Microscope using a 100X (1.49 NA) 
objective, a CSU-22 spinning disk confocal head (Yokogawa, Tokyo, Japan), a charge-
coupled device camera (CoolSNAP HQ2; Photometrics, Tuscon, AZ) and solid state lasers 
(VisiTech International, Sunderland, UK). Emission filters (Semrock, Rochester, NY) at 491 
and 561nm used for emission were controlled by MAC6000 (Ludl Electronic Products, 
Hawthorne, NY). The microscope was controlled by MetaMorph software (Molecular 
Devices, Sunnyvale, CA). Structured Illumination Microscopy (SIM) was performed on the 
DeltaVision OMX (GE Healthcare Life Sciences). 
		 119
Centrosome	measurements 
Line scans across the centrosome in a single imaging plane were background 
subtracted and put into PRISM6. Each line scan was fit to a double Gaussian. The fit peak 
and FWHM was determined. Using Excel, the peak to peak (peak diameter), and outer 
FWHM to outer FWHM (outer diameter) was determined. The distribution of these values 
was then plotted as a histogram in PRISM and fit to a single Gaussian to determine the 
average diameter within the population. 
 
Western Blot Analysis 
12% poly-acrylamide gels were used to separate PLP fragments. 6% gels were used 
for FL PLP. Protein was transferred using the iBLOT system (7 minutes for PLP fragments 
and 14 minutes for FL). Blot was blocked for 2 hours RT in 5%milk-TBST. Mouse-α-FLAG 
antibody (Sigma-Aldrich) was used at 1:10,000 in 5% milk-TBST overnight at 4°C. α-
Mouse-HRP was used at 1:50,000 in TBST for 2 hours at RT. Rabbit-α-PLP-N was used at 
1:5000 at RT for 2 hours. α-Rabbit-HRP was used at 1:25,000 for 1hr at RT. 
 
Immuno-precipitation  
Transfected cells (from 4 wells of a 6-well dish) were pelleted for 3 minutes at 
1500rpm. Supernatant was discarded. Cells were resuspended with 1mL of ice cold lysis 
buffer and then incubated on ice for 5 minutes. Samples were spun for 5 minutes at 15krpm 
at 4C. 40l of sample was taken for input and put on ice for remainder of experiment. 
Supernatant was applied to washed Neon-nanobody beads (75l/reaction). Samples were 
allowed to rotate gently at 4C for 2 hours. Samples were spun down for 30s at 1500rpm and 
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supernatant was removed. Beads were washed with 1mL of lysis buffer followed by spinning 
down for 30s at 1500rpm. This wash step was repeated 3 times, changing tubes at wash 1 and 
wash 3. All lysis buffer was removed, 50l of 2X laemmli buffer was added to the beads and 
15l of 6x laemmli was added to the input. Beads were boiled for 5 minutes at 100C and then 
tubes were spun down. All of the bead sample was loaded onto a 5-well, 1.5mM thick, 12.5% 
gel. The gel was run out for 1 hour at 200V. Gel was stained with GelCode Blue overnight 
and then destained with water. Bands corresponding to PLP fragment was cut out and sent 
for mass spec analysis. Lysis Buffer was 50mM Tris pH 7.5, 125mM NaCl, 0.5% Triton-
X100, 1mM EGTA, 1mM DTT, 10mM PMSF, 0.5 ug/mL pepstatin,1 ug/mL leupeptin
 
Size-Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS)  
Protein was injected over a Superdex 200 10/300 GL size exclusion column (GE 
Healthcare) preequilibrated in running buffer (25mM Tris pH 7.4, 0.2g/L NaN2) at a flow 
rate of 0.5 mL/min, then passed through an in-line UV detector, a Wyatt DAWN HELIOS II 
light scattering instrument, and a Wyatt Optilab rEX refractometer (Wyatt Technology). Data 
were processed with ASTRA software and plotted using Prism6 (GraphPad Software, Inc.). 
 
In vitro phosphorylation of PLP by Polo 
Kinase assay was completed in Greg Rogers’ lab at the University of Arizona. 
Drosophila (His)6-tagged Polo kinase phosphorylated PLP by incubating protein fragments 
with 50μM ATP, 1-2 h, 25°C, in reaction buffer (40mM Na HEPES, pH 7.3, 150mM NaCl, 
5mM MgCl2, 0.5mM MnCl2, 1mM DTT, 0.1mM PMSF, 10% glycerol). Samples 
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subsequently run on an SDS-PAGE gel, commassie stained, and processed for mass 
spectrometry. 
	
Mass Spectrometry 
Sample preparation was completed at the NHLBI Mass Spectrometry Core Facility. 
 
Y2H 
Yeast 2 Hybrid screening was performed as described in Galletta et al 2015.  
 
Reverse Y2H 
To generate specific mutations that generate single point mutants to disrupt a single 
interaction, we turned to a reverse Y2H screen as described in Galletta et al 2015. Briefly, 
low-fidelity PCR was completed on PLP fragment 2. Gel purified linearized vector and gel 
purified PCR product were co-transformed in equimolar amounts to competent yeast and 
plated onto SD-Leu plates to select for repaired plasmids. Individual colonies were picked 
from the plate and grown in 96-well format (each well containing an individual colony). 
Approximately 1000 colonies were tested. Plates were grown shaking for 2 days at 30C. 
Copies of the colonies were pinned onto plates to serve as replicas. Individual colonies were 
mated with WT PLPF5. Plates were scored for loss of interaction. Each colony that no longer 
interacted with PLPF5 was selected to test again all other interacting partners of interest to 
test for specificity of the introduced mutation. To determine the sequence of the mutation the 
specifically disrupted the N-C interaction, a plasmid prep from the yeast colony was 
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completed and the plasmid was then transformed into E. coli. The plasmid preparation from 
E. coli then yields sufficient material to send for sequencing.  
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CHAPTER 5: SCREENING FOR NEW CENTRIOLE AND CENTROSOME 
COMPONENTS USING PROTEOMICS AND TARGETED LOCALIZATION  
 
 
 
Summary 
 
The centrosome contains hundreds of dynamically associated proteins. The identity of 
these proteins is not complete, and how they associate with one another is not fully 
understood. This work highlights this complexity at the centrosome. New centrosome 
proteins were localized to the centrosome through a targeted localization screen. In addition, 
new potential binding partners for the conserved scaffold PLP were identified. Biochemical 
characterization of PLP and its interacting partners revealed the oligomeric nature of a 
number of centrosome components and confirmed their ability to interact with one another. 
Lastly proteomic analysis of centrosome proteins over the cell cycle laid the foundation for 
future characterization of the centrosome proteome.   
 
Introduction 
 
Centrosomes, the main microtubule organizing center in the cell, are non-membrane 
bound organelles that undergo large compositional changes as cells cycle between interphase 
and mitosis (Kellogg et al. 1994).  Centrosomes are composed of a pair of centrioles 
surrounded by pericentriolar material (PCM) (Gould and Borisy 1977). Over the cell cycle, 
the gross morphology of the centrosome undergoes large structural changes. In G1, two 
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single centrioles are devoid of PCM. Upon entry into S-phase, centrioles begin to 
duplicate, templating off of the existing mother centrioles. The most significant 
transformation at the centrosome occurs as PCM proteins accumulate as cells enter mitosis. 
This increase in PCM is concurrent with an increase in nucleation capacity of the 
centrosome. This transformation affords MT nucleation of the bipolar mitotic spindle. PCM 
is then lost as cells exit the cell cycle (Khodjakov and Reider 1999; Palazzo et al., 2000).  
 
Centrosomes exist in two states, active and inactive (with and without PCM respectively). 
How this transition between states occurs is not well understood. The identities of proteins 
that drive this change are not fully known. However, it has been shown that known 
centrosome proteins form a highly connected network. How this network of proteins interact 
with one another at the centrosome, and how these interactions changes between active and 
inactive states is of great interest. Here, multiple approaches are utilized to identify new 
centrosome components, characterize interactions among known centrosome proteins, and 
elucidate how centrosome protein composition changes over the cell cycle. 
 
Results 
 
Identification of new centrosome-localized proteins  
 
The centrosome is a complex network of protein-protein interactions. A number of 
proteins important for centrosome function have been identified and characterized. However, 
a comprehensive list and detailed characterization of all proteins at the centrosome has not 
been completed. To more broadly catalogue centrosome proteins and their interactions, work 
by Galletta et al., 2016b was used to identify candidate proteins for in vivo centrosome 
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localization assays. Galletta et al., 2016b performed an extensive literature review and 
thorough analysis of available large-scale proteomic data sets that catalogued potential 
centrosome proteins. Going through human, mouse, and Drosophila databases led to a list of 
core previously identified centrosome proteins.  Additionally, a second tier of proteins that 
showed some evidence for interaction with known core proteins emerged during the initial 
data mining including a number of proteins with no ascribed name or function. All proteins 
that were identified (core and core interacting proteins) were tested for their interaction with 
one another by yeast two hybrid (Y2H). A number of these second tier proteins had extensive 
interactions with the core. However, while some of these proteins have known function and 
subcellular localization, many others have unknown function and localization at the 
centrosome.  
 
To address which proteins localize to the centrosome, in this work, all of the second tier 
proteins identified in Galletta et al. 2016b were GFP tagged at the N and C-termini and 
transfected into Drosophila S2 cells. Looking exclusively at interphase cells with a centriole 
marker, Asl, a number of proteins localized to the centrosome, including a protein with no 
ascribed name or function (CG5708) (Figure 5.1C). Interestingly, this protein was shown to 
interact with a number of proteins in the Y2H screen including PLP. Important future work 
includes following up on this interaction and testing whether CG5708 has any role in 
anchoring PLP or regulating its activity at the centrosome. Additionally, further insights 
would be gained by analyzing mitotic localization patterns as many centrosome proteins are 
differentially regulated and localized throughout the cell cycle.  
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 Figure 5.1. Localization screen of potential centrosome proteins. (A) Workflow to 
identify functional interactions among centrosome proteins. Prior work in the lab identified 
candidates from the literature followed by a directed Y2H screen. This work built upon that 
to test localization of new candidate proteins that localize the centrosome. Future work for 
centrosome localize proteins will be to further characterize their role in the centrosome 
network (B) Table indicating localization patterns of a selection of proteins from the second 
tier Y2H screen interacting partners. Many proteins localized to the centrosome, MTs, 
nucleus and cytoplasm. (C) S2 cells transfected with GFP tagged proteins fixed and stained 
for Asterless. One example from each localization pattern is shown. CG5708 localizes to the 
centrosome, Patronin (Hendershott and Vale 2014) to MTs, Greatwall (Yu et al., 2004) to the 
nucleus and Sse is cytoplasmic. 
 
In addition to identifying new centrosome proteins, it is important to understand how 
known centrosome proteins interact with one another at the centrosome to form a functional 
unit. Many centrosome proteins have been long identified, but little is known as to how they 
behave in a network at the centrosome or biochemically. A few of these proteins have been 
identified as molecular scaffolds that regulate centrosome structure and function. A focus on 
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this complex scaffolding network to understand centrosome organization is critical. One 
scaffolding protein of great interest in the field is PLP. It is unknown how this scaffold is 
anchored and attached at the centrosome and how its interactions are regulated.  
 
BioID to identify proximal centriole proteins to the PACT domain of PLP  
	
PLP is a large scaffolding protein that is important to recruit and organize PCM at the 
centrosome. PLP’s robust localization to the centrosome is critical in its function. However, 
it is unclear through what binding interactions this scaffold is attached and anchored to the 
centrosome. PLP contains a highly conserved C-terminal PACT (Pericentrin and AKAP 450 
Centrosome Targeting) domain. It is well established that the PACT domain is able to target 
PLP to the centrosome (Gillingham and Munro 2000; Martinez-Campos et al., 2004). 
Accordingly, numerous studies have fused proteins of interest to the PACT domain to target 
them to the centrosome (Kishi et al., 2009; Januschke et al., 2013; Galletta et al., 2016a). 
Although widely used as tool for centrosome targeting, little is known about what binding 
partners the PACT domain interacts with. A few interactions with the PACT domain were 
identified by Y2H (Galletta et al., 2016b), but none were practical candidates to anchor PLP 
to the centriole. BioID was used to identify proteins that may serve to anchor the PACT 
domain to the centrosome. This technique allows for identification of proteins that are 
proximal to the protein of interest (Roux et al., 2012).  
For this study, the PACT domain of PLP was fused to the promiscuous biotin ligase 
BirA* and GFP. GFP signal was used as a marker to confirm that the fusion protein localized 
properly to the centrosome (Figure 5.2B). Any proteins proximal to the PACT domain were 
biotinylated by biotin ligase, enabling detection of these possible binding partners of the 
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PACT domain, as shown in Figure 5.2A. Following affinity purification of biotinylated 
proteins (Figure 5.2C), mass spectrometry was used to identify these proximal proteins, 
leading to the identification of several known centrosome proteins. Of the centrosome 
proteins identified, several were significantly enriched in affinity purification for biotinylated 
proteins. SkpA And CG7033 have both been implicated as being important for centrosome 
duplication and organization of the mitotic spindle (Murphy 2003; Hughes et al., 2008).  
Their interaction with PLP may play a role in these functions. These two proteins identified 
are the best candidate genes for anchoring PLP to the centrosome. 
 
In addition to these mitotic proteins, many non-centrosomal proteins were identified, 
including mitochondrial and ER proteins, which are known targets of biotinylation. 
Furthermore, a limitation to this technique is the time (24 hours) required, allowing for many 
other proteins to interact with the PACT domain of PLP, prior to localization to the 
centrosome.  To overcome this, a large number of centrosomes would need to be purified 
prior to affinity capturing biotinylated proteins. This could be achieved by the establishment 
of a stable cell line of PACT-BirA*-GFP. Additionally, new technology in biotin ligases has 
improved labeling efficiency from the hour timescale to the minute timescale (Lam et al., 
2015). 
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 Figure 5.2. BioID to identify interacting partners of PLP PACT domain. (A) Schematic 
of BioID workflow. A protein of interests is fused with the promiscuous biotin ligase (BirA*) 
is transfected into cells. Biotin is added to the cells and the biotin ligase will then biotinylate 
proximal proteins. Cells are then lysed, followed by affinity purification of biotinylated 
proteins. These proteins are then identified by mass spectrometry. (B) Cells transfected with 
the GFP-PACT-BirA* construct were fixed and stained for a known centrosome marker, Asl. 
The fusion protein is still able to robustly localize to centrosomes. Scale bar is 5m. (C) 
Coomassie gel of S2 cells transfected with the fusion contruct with (+) or without (-) biotin 
added to the growth media. Addition of biotin increased the number of biotinylated proteins. 
These lanes were cut out and sent for mass spectrometry analysis at the NHLBI Mass 
Spectrometry core facility. 
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Enriched Control Experimental 
protein phosphatase 2A 65 kDa 
regulatory subunit 0 7 
CG7033 0 4 
non-claret disjunctional protein 0 2 
Tpr homolog 0 3 
rough deal 0 2 
skpA, isoform A 0 2 
Twinstar 1 7 
calmodulin, isoform A 2 3 
 
Table 5.1 Proteins identified as proximal interactors by BioID. Enriched proteins of 
interest are listed. The peptide counts for control versus experimental (added biotin) are 
shown). The peptide count for experimental condition is averaged over 3 individually 
processed experiments.  
 
 
Biochemical characterization of centrosome proteins 
 
To truly understand how centrosome proteins interact at centrosome, it is important to 
understand how purified components interact singularly and in complex with one another. 
Within the field, there is a glaring lack of structural and biochemical data with regards to 
known centrosome proteins. Thus, one focus of my graduate work was to structurally and 
biochemically characterize these known centrosome proteins. In particular, understanding 
biochemically how scaffolds at the centrosome interact with PCM is of great interest. 
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A multi-tier approach to understand which proteins are localized to the centrosome and 
how they interact with one another is important given the complicated nature of interactions 
at the centrosome (Fig 5.3A). Many studies previous in vivo studies are limited by this 
complexity of interactions. For example, knockdown of centriole proteins can lead to loss of 
this organelle rendering downstream functional analysis of interacting partners impossible 
(Basto et al., 2006). The yeast-two-hybrid screen of predicted centrosome proteins provided a 
map of protein interactions with domain resolution (Galletta et al., 2016b). To guide 
biochemical characterization of these domains, interaction data generated from the yeast two-
hybrid screen was utilized. This afforded insight into potential interacting partners.  
 
For these structural and biochemical studies, it was important to identify functionally 
interacting proteins. With the Y2H data in hand, combined with literature searches, a handful 
of interactions became the focus of biochemical characterization. These interacting proteins 
have been described as a centrosomal complex that functions to anchor PCM. This complex 
is termed the S-CAP complex contains the important scaffolding protein, PLP. 
 
S-CAP complex is important for building a functional centrosome  
 
PCM is recruited to centrosomes and organized around centrioles. How proteins 
recruit and organize PCM is not well understood. One protein that has been shown to 
function as an anchor for PCM components is PLP. A 2011 paper identified a cytoplasmic 
complex containing several PCM components that relied on this complex for their 
localization to the centrosome (Gopalakrishnan et al., 2011). The proteins in this cytoplasmic 
complex were termed the S-CAP complex and include Sas4, Centrosomin (CNN), Asterless 
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(Asl), and Pericentrin-Like-Protein (PLP) (Figure 5.3B). Asterless is an essential centriole 
component required for the duplication and maturation of centrioles. It has been shown to 
recruit numerous PCM components. Dual interactions between centriole and PCM create a 
bridge spanning multiple zones. Pericentrin-Like-Protein bridges centriole and PCM 
components. Additionally, PLP, an integral PCM component, acts as a scaffold for recruiting 
factors for centrosome maturation and duplication. Sas-4, a centriole component, found at the 
centriole wall, is important in the centriole duplication pathway and maturation of the 
centrosome. Centrosomin is a key PCM component required for maturation-dependent 
centrosome MT nucleation activity. Overall, each of these proteins when mutated, truncated 
or misregulated can cause a large array of deleterious downstream health defects.  
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 Figure 5.3. Protein interactions at the centrosome create a complex interaction matrix. 
(A) Interactions of a few key centrosome proteins as determined by Y2H screen (Galletta et 
al). Proteins that interact with PLP are in blue, Asl are in pink, CP190 are in purple, Sas4 are 
in green and self-interactions are in black. This highly complex interaction network provides 
finely tuned regulation and connections at the centrosome (B) The S-CAP complex is a 
cytoplasmic complex, which has been previously described to be recruited to the centrosome 
in this cluster. This schematic represents protein fragments that were shown to interact by 
Y2H in Galletta et al. and that were followed up on with biochemical characterization.	 
 
 
 
S-CAP complex components form oligomeric self-interactions as well as higher ordered 
protein-protein interactions 
 
In vitro characterization of the S-CAP complex would provide insight into how it is 
assembled and forms a functional unit at the centrosome. However, a limitation to studying 
many centrosome proteins in vitro is that they are highly insoluble and difficult to work with. 
To overcome this technical limitation, various protein fragments of these components were 
made. Protein fragments analyzed in this study were soluble even when full length proteins 
were not. Protein fragments that were designed based off of secondary structure prediction 
and used in the Y2H screen were expressed in E. coli. A number of S-CAP protein fragments 
were successfully cloned, expressed, purified and characterized for their ability to 
oligomerize and interact in vitro. Due to difficulty generating soluble fragments of some 
proteins, not all interactions of interest were tested.  
 
 Asterless is a centriole protein that acts as a scaffold at the centrosome (Vamark et al., 
2007; Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012). The C-terminal region 
of Asl (Asl-C) is found closest to the centriole wall and interacts with the centriole 
component Sas-4. The N-terminus points out into the PCM and interacts with PCM 
components and a known regulator of centriole duplication, Plk4. This work shows that the 
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C-terminal region is able to form a trimer in solution (predicted monomer MM, 43 kD; trimer 
MM, 129 kD), whereas the N-terminal and central region form dimers in solution (predicted 
Asl-A monomer molecular mass [MM], 43 kD; dimer MM, 86 kD; predicted Asl-B 
monomer MM, 31 kD; dimer MM, 62 kD) (Fig 5.4A). Asl is thus able to homo-oligomerize 
in a complex fashion at the centrosome. Its ability to oligomerize may function to cluster 
other binding factors at the centrosome (Klebba et al., 2015).  
 
Centrosomin itself is a canonical PCM protein that is important for recruiting MT 
nucleating factors (Conduit et al., 2010; Kao et al., 2009; Choi et al., 2010; Megraw et al. 
1999; Fong et al., 2008). Specifically, the N-terminus of CNN contains a conserved motif 
(CM1) that is important for recruitment of -tubulin, DTACC, and minispindles, all of which 
effect MT polymerization rates (Zhang et al., 2007).  It is within this region that CNN 
interacts with Sas4 and Asl from the Y2H screen conducted by Galletta et al., 2016b. How 
this specific region interacts with its binding partners is a focus of this work. First, various 
truncation fragments of CNN were designed and purified to identify a region that was 
amenable for SEC-MALS and other binding experiments. It was found that CNN N-terminus 
alone forms a homodimer in solution. This homodimer is able to recapitulate interactions 
found in the Y2H screen. When tested for CNN’s ability to interact with Asl using purified 
components, it was observed that it specifically interacted with the second two fragments of 
Asl (Fig 5.4B). Moving forward, it will be exciting to see what the high order oligomeric 
state of Asl and CNN is in solution using these same protein fragments using SEC-MALS 
and to determine binding affinities between these components using ITC. 
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PLP is another scaffolding protein that interacts with a number of centriole and PCM 
components to recruit and organize PCM (Doxsey et al., 1994; Takahashi et al 2002; Haren 
et al., 2009; Matsua et al., 2010). It has been shown to directly interact with important MT 
nucleating factors, -TURCs (Dictenberg et al., 1998; Takahashi et al., 2002; Zimmerman et 
al., 2004). CNN interacts with PLP in two regions (Fig 5.3B). The N-terminal region of CNN 
interacts with the C-terminus of PLP. Unfortunately, as PLP C-terminus is insoluble, binding 
assays using this fragment were not possible. However, using Y2H the region of PLP C-
terminus and CNN N-terminus that interact has recently been narrowed down significantly 
(Lerit et al., 2015). The C-terminus of CNN contains a conserved CM2 motif that also 
interacts with PLP. Using two separate affinity tags, and tandem purification, it was shown 
that these two components form a stable complex (Fig 5.4C).  
Lastly, it was determined that the central region of PLP forms a stable homodimer in 
solution. This affords PLP the ability to homodimerize. Clustering of this large scaffolding 
protein at the centrosome could allow for clustering of multiple PCM proteins (including 
CNN) along its length. 
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Figure 5.4. Centrosome proteins within the S-CAP complex form oligomeric self-
interactions and higher-complexity protein-protein interactions with binding partners.  
(A) Adapted from Klebba et al., 2015. Asl was divided into three previously identified 
scaffolding domains (A, B, and C). Each of the three Asl fragments oligomerize. The three 
consecutive His6-tagged Asl fragments: Asl-A (aa 1–357), Asl-B (aa 358–625), and Asl-C 
(aa 626–994) were analyzed using SEC-MALS. Normalized A280 is shown in gray (y axis at 
right), and elution time is indicated in minutes (x axis). Calculated MM was determined for 
each elution peak and is represented by the dark trace (y axis at left, n = 3 experiments). 
Mean molecular masses (±SD) for the traces are indicated. Horizontal dashed lines indicate 
the molecular masses of hypothetical monomeric, dimeric, and trimeric species for each 
fragment. (B) CNN was divided into three pieces, and the first piece was analyzed using 
SEC-MALS. Normalized A280 is shown in gray (y axis at right), and elution time is indicated 
in minutes (x axis). Calculated MM was determined for the elution peak and is represented 
by the dark trace. Molecular mass for the trace is indicated. In vitro binding assays of CNN 
with Asl pieces above show interaction of Asl F2 and F3 with CNNF1. GST-CNN was 
attached to beads. Asterless fragments were incubated with beads, washed and then beads 
were run out on a commassie gel to test for Asterless retention on the beads. The top band in 
this coomassie gel is GST-CNN. The bottom bands are Asterless fragments that bound CNN. 
(C) PLP was divided into 5 pieces. Interaction of PLP F2 with CNN F3 was showing through 
in vitro binding of purified components. The central region of PLP was shown to form a 
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dimer in solution using SEC-MALS. Normalized A280 is shown in gray (y axis at right), and 
elution time is indicated in minutes (x axis). Calculated MM was determined for the elution 
peak and is represented by the dark trace. Molecular mass for the trace is indicated. 
 
Proteomic Analysis of Centrosome Proteins Over Cell Cycle Stages 
These previous approaches assumed an unchanging, static composition of the 
centrosome. However, the centrosome is a dynamic organelle that recruits massive amounts 
of PCM as cells enter mitosis. The identification of new centrosome localized proteins and 
BioID were only completed in interphase cells. Additionally, the biochemical 
characterization of proteins was completed with isolated components in solution without 
regard for potential modifications that could modulate their interaction at the centrosome in 
various cell-cycle stages. It is important to understand how the network composition changes 
as centrosomes undergo a large structural change between interphase and mitosis. A few 
PCM proteins, such as -tubulin and CNN are specifically recruited in mitosis. However, a 
comprehensive analysis of levels of all proteins at the centrosome over the cell cycle has not 
been completed. Moreover, the identities of all proteins at the centrosome are unknown. It is 
crucial to identify centrosome composition changes between interphase and mitosis to 
understand how this organelle is regulated. 
 
One approach to determine how levels of a number of centrosome proteins are changing 
with the cell cycle is to perform quantitative mass spectrometry on samples from different 
cell cycle stages. Specifically, analysis of the changes that occur between G1 cells versus 
G2/M is of interest. iTRAQTM (isobaric tags for relative and absolute quantification) (Ross 
et al., 2004) is a quantitative mass spec approach that allows for labeling of multiple samples. 
Similar to the familiar technique of SILAC (Stable Isotope Labeling by Amino Acids in Cell 
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Culture) (Ong et al., 2002), it affords multi-plex labeling of samples, which can be loaded 
onto the mass-spectrometer at the same time. However, this technique allows for labeling 
post cell lysis, which affords manipulation of a single sample (eg. cell sorted sample) prior to 
mass spectrometry analysis. The goal from this quantitative mass spectrometry was to 
identify proteins responsible for centrosome regulation, maturation and duplication, as well 
as to identify core proteins required for centrosome integrity.  Any significantly up regulated 
proteins as cells enter mitosis could be tested for their ability to drive centrosome maturation. 
Down regulated proteins would potentially prevent centrosome maturation. Those 
centrosome proteins with steady expression level would potentially correlate with core 
proteins required for centrosome integrity. To identify compositional changes occurring at 
the centrosome throughout the cell cycle, live cell sorting was followed by quantitative mass 
spectrometry to identify centrosome proteins that were differentially expressed between 
interphase and mitosis (Fig 5.5A). To specifically identify proteins that were enriched as 
cells transitioned from G2 to M phase of the cell cycle, cells were arrested in mitosis. 
Colchicine treatment of cells for 16 hours led to a significantly enriched G2/M peak (Fig 
5.6A).  However, after analyzing the cells by fluorescence microscopy, the total percent of 
mitotic cells in that peak was only increased from ~1.2% to ~20% (Fig 5.6C).  
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 Figure 5.5. Schematic of the workflow for proteomic analysis of centrosome proteins 
over the cell cycle. To determine the changes at the proteomic level throughout the cell 
cycle, cells were sorted, then either subjected to iTRAQ mass spec immediately, or following 
a centrosome purification step. After mass spec is completed, a comparative analysis of the 
proteome from various cell cycle stages is performed.  
 
 
 Figure 5.6 Cell cycle sorting of cultured  Drosophila  S2 and KC cell lines. (A) Profiles of 
cell cycle sorted cells. Cells were treated with Hoescht to stain for DNA. Fluorescence 
intensity was used to sort cells based on DNA content. Two different cell lines were tested. 
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On the left are untreated asynchronous cells that were sorted. A discreet peak for each G1 
and G2M can be seen. On the right are cells that were treated with colchicine overnight to 
enrich for the G2M population. This enrichment can clearly be seen with the sorted profile. 
(B) Post sorting, S2 cells were fixed and stained. The DNA intensity was used to determine 
whether cells were in G1, S or G2M. The histogram represents hundred of cells for each 
condition. G1, S and G2M peaks correlate well with the fixed cell analysis. (C) Cells were 
also stained for phospho-histone H3 to determine which cells in the G2M peak were in 
mitosis. In the asynchronous population this percentage was down near 1%. Upon treatment 
with colchicine, the percent of mitotic cells in the G2M peak was enriched to approximately 
20%. 
 
A number of known mitotic enriched proteins were found in the mitotic sample. These 
included Cdk1(Nigg, 2001; Smits and Medema, 2001), bipolar kinesin Krp130 (Kashina, 
1996), and protein claret segregational (Walker et al., 1990). After analyzing the proteome at 
the global cellular level, it was determined that enrichment for centrosomes was required 
prior to mass spectrometry in order to enrich for and identify centrosome proteins. 
Additionally, although the identity of a number of the proteins found at centrosomes is 
known, there is not a complete proteomic analysis of centrosomes at each cell cycle stage. To 
address this, cells from each cell cycle stage would need to be collected and used to identify 
centrosome proteins. Some proteins are specifically recruited during mitosis, but it is unclear 
how many proteins are recruited and whether there are proteins that are specifically lost from 
the centrosome during mitosis.  
 
To examine protein loss and recruitment at the centrosome during mitosis, a centrosome 
purification to enrich for centrosome proteins was performed.  After the centrosome prep was 
completed, enrichment of centrosomes was confirmed by western blot (Fig 5.7B). Immuno-
fluorescence (IF) further confirmed the presence of purified centrosomes (Fig 5.7C).  
Additionally, IF was used to verify the retention of many known centrosome components, 
including Asterless and DM1 in the purified centrosomes. Furthermore, centrosome 
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preparations were run out on a SDS-PAGE gel and coomassie stained prior to mass 
spectrometry (Fig 5.7D). After verification of the presence and integrity of centrosomes by 
western and IF, centrosomes were sent to the NHLBI mass spectrometry core for analysis. 
These samples contained a number of known centrosome proteins (including PLP, Asl, Spd2, 
CP60, CP110, -tubulin, and POC1 in S2 cells and Pericentrin, Plk1, Centrin, Cep152, -
tubulin, and TACC3 in the U2OS cells). However, after calculating the material necessary 
for quantitative mass spectrometry on cell cycle-sorted cells followed by centrosome 
isolation, it was determined to be unfeasible to generate enough starting material. Moving 
forward, treating cells with drugs to arrest at various cell cycle stages prior to centrosome 
isolation would be required.  
 
Changes that occur at the centrosome are more complex than just gain and loss of 
proteins. Post-translational modifications play a large role in changing the binding capacity 
of proteins for one another. Several examples from the literature over the last several years 
have demonstrated that phosphorylation of key centrosome proteins alter their binding to key 
binding partners (Conduit et al., 2014; Dzhindzhev et al., 2014; Kratz et al., 2015; Moyer et 
al., 2015; Hanafusa  et al., 2015; Novak et al., 2016). Going forward, characterizing the 
phospho-regulation of the centrosome proteome will be important. This phospho-proteome 
would yield important insights into underlying mechanisms behind protein-protein 
interactions that drive key regulatory events at the centrosome. 
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 Figure 5.7. Centrosome purification from S2 cells and U2OS cells. (A) Schematic of the 
purification workflow. Through a series of low and high speed spins, centrosome are purified 
away from the nuclei and cytoplasm. (B) Western blot of the S2 centrosome protein Asterless 
from two separate S2 centrosome preparations. Asterless is enriched in the centrosome 
fraction (cent) as compared to the cytoplasm (Cyt) and nuclear (nuc) fractions. (C) 
Immunofluorescence images of U2O2 and S2 cell centrosomes. Centrin and DM1 were 
used to stain U2OS centrosomes. Asl and DM1 were used to stain S2 cell centrosomes. (D) 
Coomassie stained gel of centrosome fractions. An abundance of proteins is seen in the S2 
cell preparations as compared to the U2OS fractions. These lanes were subsequently cut out 
and sent for mass spec to identify centrosome proteins. 
 
Discussion 
The largest transformation at the centrosome occurs as PCM proteins accumulate as cells 
enter mitosis. The identity of these proteins, and their interactions and functions are not well 
characterized. Here multiple approaches were used to understand the complex protein 
interaction network at the centrosome. In screening localization of proteins from the 
extensive Y2H screen completed by Galletta el al., 2016b, a number of proteins were shown 
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to localize to the centrosome. This work added to the known list of centrosome-localized 
proteins. One protein of interest, with no known function, is CG5708. This protein interacts 
with the master regulator of centriole duplication, Plk4, as well as the scaffolding protein 
PLP among others. Future work to determine how this protein may function within this 
complex centrosome network could lead to important insights into the regulation of the 
centrosome. 
 
To identify new components important for centrosome regulation, BioID was utilized.  
PLP is a scaffold at the centrosome that organizes PCM, but how this scaffold is attached to 
the centriole is not clear. Here, the C-terminal centrosome-targeting region of PLP was fused 
to the promiscuous biotin ligase to identify potential anchors at the centrosome. Using BioID 
two interesting potential binding partners of PLP’s PACT domain were identified, SkpA and 
CG7033. SkpA, a component of SCF ubiquitin ligases, has been shown to play a role in the 
regulation of centrosome duplication (Murphy et al., 2003; Hughes et al., 2008). CG7033 has 
been proposed to play a role in mitotic spindle organization and duplication of centrosomes 
(Hughes et al., 2008). With these proposed roles at the centrosome, SkpA and CG7033 may 
play a role in recruiting PLP to the centrosome or in regulation of PLP at the centrosome. 
 
To further understand how PCM scaffolds are regulated at the centrosome, biochemical 
characterization is essential. Biochemical characterization of members of the S-CAP 
complex show a complex self-interactions and higher-order protein-protein interactions 
among each other. Each centrosome component analyzed was able to form a dimer or high 
ordered oligomer in vitro. This complexity of self-interactions could provide a larger scaffold 
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for recruitment of other centrosome components. With these intricate protein-protein 
interactions among dimers and trimers, this network becomes quickly entangled and could be 
important for recruitment of large amounts of PCM. More in vitro work would be required to 
fully characterize this interaction network. Understanding these interactions could lead to the 
design of testable hypothesis regarding the organization and function of these complexes at 
the centrosome.  
 
Protein-protein interaction networks at the centrosome are highly intertwined and 
complex. This complexity is further increased when a time element is added in (cell cycle). 
Work to catalogue cell cycle proteome changes at the centrosome is essential to understand 
how this organelle is regulated. Attempting comparative mass spectrometry techniques to 
determine the centrosome proteome over the cell cycle were ultimately unsuccessful due to 
technical limitations. Future directions could include drug treatment of S2 cells followed by 
centrosome preparations and mass spectrometry. Additionally, working to couple centrosome 
preparations with BioID of proteins of interest could provide more precise BioID results than 
obtained here. Overall these data highlight the complexity of interactions found at the 
centrosome. These complex interactions can be used to successfully identify novel 
components of the centrosome, as well as describe novel interactions amongst previously 
known centrosome components. This work highlights the feasibility of further mapping of 
the intricate interactions amongst centrosome components, and using structural biology and 
biochemical analysis, combined with studies at both the cellular level and in the context of 
tissues and organisms to more fully understand these interactions. Fully characterizing this 
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complex web of interactions is essential to wholly understand the regulation and function of 
the centrosome. 
 
Materials and methods 
Cell Sorting 
 
Drosophila S2 cells were grown in Schneider’s media supplemented with anti-anti and 
5% FBS.  Asynchronous cells were grown to a density of ~2.8 million/mL. Cells were re-
suspended in media, and 20g/ml Hoechst dye was added at room temperature for 10 
minutes. 4 mLs of cells were then pelleted for 5 minutes at 1,500 rpm. 3.5 mLs of media 
were aspirated off, and the remaining 0.5 mL of media was used to resuspend the cells. Cells 
were then passed through a filtered tube and collected in the bottom reservoir for sorting. UV 
450 nm light was used for sorting, and cells were gated into 3 separate peaks- G1, G, and 
G2/M. To enrich for mitotics, cells were treated with colchicine for 16 hours prior to sorting. 
Cells were then processed as described above for sorting. For cell sorting, the FACSDiva 
AriaII was used running FACSDiva Version 6.1.3. Gating for cell cycle stage was 
determined manually based on cell profile in asynchronous cells. These same gates were used 
to collect the G2/M population in the colchicine treated samples. 
 
Preparation of Samples for Mass Spectrometry 
Samples from cell sorting were precipitated with acetone chilled to -20 (1:6 volume 
ratio).  Each sample was spun for 5 minutes at 6000 rpm.  Acetone was aspirated and then 
samples were allowed to sit for 5-10 minutes until acetone was evaporated. An iTRAQ kit 
contained all of the following solutions used and were labeled as indicated. 20 l of 
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dissolution buffer and 1 l of reducing agent was added to wash and then vortexed for 1 
minute (sonication was used for pellets that would not resuspend). An additional 2 l of 
reducing reagent was added, samples were vortexed, then spun down. Tubes were incubated 
at 60C for 1 hour. Samples were cooled to room temperature. 1 l of cysteine blocking 
reagent was added, samples were vortexed and then spun down. Samples were incubated for 
10 minutes at room temperature. Trypsin was added at a 1:20 ratio to digest peptides (5g for 
a 100g sample). Samples were incubated with trypsin at 37°C overnight.  iTRAQ reagents 
were allowed to reach room temperature and then spun to get reagent to the bottom of each 
tube.  50l of isopropanol was added to each iTRAQ tube. Tubes were vortexed, spun, 
overnight and then trypsin-digested sample was added to the tube.  Subsequently, samples 
were vortexed and spud. If the pH was greater that 7.5 up to 5l of dissolution buffer was 
added. Reactions were incubated for 2 hours at room temperature. 2l of 100% formic acid 
was added to stop the reaction. Samples were vortexed, spun and then all samples were 
combined (very careful to make sure the total volume was transferred.  400l of 0.1% formic 
acid was added (to bring total volume to 1 mL). The entire sample was put over a reverse 
phase spin column to clean up and then eluted with 100l 60% acetonitrile.  
 
Centrosome Isolation from S2 and U2OS cells 
Hydroxyurea was added (2µl/ml) overnight to five T75 flasks. On the second day of the 
isolation procedure, fresh lysis buffer was prepared (1mM Tris pH 8.0 with 1 Roche 
complete mini tablet, 100l 100mM PMSF, 2.5 mM NaPPi, 1mM B-glycerophosphate,1mM 
NaVO3, 2mM NaF). Cells were spun down at 1000 rpm in a 50 ml conical tube. The cell 
pellet was transferred to a 15 mL conical tube and then washed 4 times followed by three 
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minute spins at 1.5krpm.  Each wash was in a 7mL volume. Wash 1 was 1xPBS. Wash 2 was 
8% Sucrose in 0.1 X PBS. Wash 3 was 8% Sucrose in DI water. The final wash was 7ml 
1mM Tris + 5mM TCEP. The cell pellet was then resuspended in 7 mL lysis buffer. Lysate 
was collected in one 15 ml tube, vortexed briefly, then centrifuged at 3500 rpm for 5 minutes 
at 4°C. After this step, nuclei are pelleted and the supernatant contains cytoplasm, including 
centrosomes. The supernatant (cytoplasmic fraction) was transferred into a new tube and 
keep it on ice. Nuclei pellet was resuspended in 2 ml of cytoplasmic fraction, vortexed 
briefly and centrifuged at 3500 rpm for 5 minutes at 4°C. Supernatant was transferred to 
previously collected cytoplasmic fraction and kept on ice. Nuclei pellet was resuspended in 
150µl lysis buffer. The cytoplasmic fraction was distributed in 1.5 ml eppendorf tubes and 
spun at 13,000rpm for 10 minutes at 4°C. Supernatant contains cytoplasm and the pellet now 
contains centrosomes. Supernatant was collected and pellet (containing centrioles) was 
resuspended in 150 µl of lysis buffer. Samples could then be frozen at -80°C for subsequent 
analysis (westerns, mass spectrometry and immunofluorescence). 
 
BioID of PLP PACT 
A fusion protein of GFP-PACT-BirA* under the actin promoter was made. This 
construct was transfected into S2 cells using Amaxa transfection. 24 hours post transfection, 
cells were treated with 50uM biotin for an additional 24 hours. Cells were lysed with 1 ml 
lysis buffer (50 mM Tris, pH 7.4, 500 mM NaCl, 0.4% SDS, 5 mM EDTA, 1 mM DTT, and 
1x Complete protease inhibitor [Roche]) and sonicated. Triton X-100 was added to 2% final 
concentration. Cells were vortexed and then centrifuged at 15krpm. Supernatant was 
incubated with 200l Streptavidin dyanbeads for 2 hours. Beads were washed with wash 
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buffer 2 (0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA, and 50 mM 
Hepes, pH 7.5), once with wash buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate, 1 
mM EDTA, and 10 mM Tris, pH 8.1) and twice with wash buffer 4 (50 mM Tris, pH 7.4, 
and 50 mM NaCl). 50 l of laemmli buffer was added beads and beads were then boiled. 
Sample was run on and SDS-page gel. Lanes were cut out and sent for mass spectrometry 
analysis. 
 
Localization of Y2H proteins  
Proteins for the second tier Y2H were in pENTR vectors. Using the gateway system, 
each of these constructs was put into a N or C-terminal GFP tagging vector using the 
Gateway system. Two colonies from each destination reaction was chosen for minipreps and 
one was used for transfection into S2 cells. 
 
S2 cells were transfected using Effectene transfection. S2 cells were plated in a 6-well 
dish with 2 ml of Schneiders media and allowed to adhere for 45 minutes. In an eppendorf 
tube, 1g of DNA 8l of Enhancer solution and 142 l of Buffer EC was mixed and vortexed 
for 2s. mixture was incubated at RT for 5 minutes. 25 l Effectene solution was added to the 
mix, vortexed for 10 seconds and then incubated for 10 minutes at room temperature. Media 
was removed from the S2 cells, 1 mL of new media was mixed with Effectene solution, and 
then added dropwise to the cells. Cells were incubated for 25-48 hours at room temperature 
before cells were fixed and stained 
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Cells were plated on ConA coated coverslips and allowed to adhere for 20 minutes. 
Cells were then washed 1x with PBS, 1x with -20°C Methanol, covered in -20°C methanol 
and incubated for 20 minutes at -20°C. Cells were washed with PBS 3x. Cells were stained 
with GP-Asl antibody at 1:30000 in 5% NGS for 2 hours at RT. Coverslips were washed 3x 
with PBS. Secondary GP-568 antibody was used at 1:1000 in 5% NGS for 2 hours at RT. 
Coverslips were then washed 3x in PBS and mounted onto a glass slide using Aqua-
polymount.   
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